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ClIAUPTIEIR Л 


INTRODUCTION TO 


FUNDAMENTAL CONCEPTS OF 
CHEMISTRY 


1.1 INTRODUCTION 


Chemistry is the branch of science Which deals with the properties, 
composition and the structure of matter. It also deals with the changes in matter 
and the principles which govern these changes. 


Chemistry has the task of investigating the materials of which the universe 
is made. It is not concerned with the forms into which they may be fashioned. For 
- example the composition and structure of rubber is of really significance as 

compared to the shapes into which this has been fashioned like pipes, tyres and 

sheets etc. The materials are constantly undergoing change in nature. For 

example, iron rusts, spirit evaporates quickly, coal burns, animals digest their 

food, plants-synthesize their own food material (photosynthesis) and so on. 

Chemistry investigates such changes - the conditions under which they occur, the 

new substances that are formed as their result, and the energy that is absorbed or 
liberated by them. Chemistry also studies the way in which similar changes can 

be brought about in the laboratory and on a large scale in industries. As a result of 
investigation along these lines, chemistry has found how metals can be extracted 

from their ores, how infertile fields can be made fertile, and how the materialsthat 
are found in nature can be converted into thousands of new substances tohelp feed 
the race, to cure the sick and to provide such comfort to the common man. 
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1.3. SIGNIFICANT FIGURES 


in carrying out additions, subtractions, multiplications and 

in: коны йе problems of the number of digits to es in the 

- answer, specially the last figure in а number when measured on a scale - шш 
an estimated one. Actually all measuring instruments such as metre sticks, clocks 
and balances have scales which are sub divided into various units ang subunits, 
Suppose, for example a glass rod ‘A’ whose length is to be measures by two 
different scales which can be seen in the given figure (1.1) Vic ( 1) is divided . 
only in centimetres while scale (2) is divided in millimetres also. 


Scale (1) 


Scale (2) 


In scale (1) the length of the glass rod 'A' is about 3.6cm. The length of ^ 
on scale (2) however 183.62 cm. Thus the value 3.6 cm contains two significa! 
digits while the value 3.62 cm contains three significant digits. This show thatore 
factor which is very important in determining the number of significant digits Ё 


the accuracy of the measuring instrument and the second factor which alsocoun" 
is the size of the object to be measured. | 


For example, an Iron ball has mass 68.35 g and a smaller опе has mass 


. uf 
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7.55 g. The first represents four significant digits while the second has only three 
significant digits. Zero has its own importance in expressing a number, sometimes 
it is significant and sometimes it is not significant. 


RULES FOR DETERMINING SIGNIFICANT FIGURES 


Below are given the rules that will help students to determine the number. 
of significant figures: 


(1) Non zero digits are all significant; for example 363 has three significant 
figures and 0.68 has only two significnt figures. 


(ii) Zeros between non zero digits are significant, for example, 5004 has four 
significant figures and likewise 20.4 has three significant figures. 


(iii) Zeros locating the decimal point in numbersless thanone are not significant; 
for example, 0.062 has two siginificant figures.and 0.001 has only one 
significant figure. 


(iv) Final zeros to the right of the decimal point are significant; for example, 
2.000 has four significant figures-and 506.40 has five significant figures. 


(v) Zeros that locate the decimal point in numbers larger than one are not 
necessarily significant; for example, 40 has one significant and 2360 has 


three significant figures. 


Thus significant figures by definition are the reliable digits in a number that 
are known witli certainty. The last digit of a number is generally considered 
uncertain by &.1 in the absence of qualifying information. For example the mass 
of an object can be expressed as 0.0112g or as 11.2 mg without changing the 
uncertainty of the mass or the number of significant figures. The mass is still 
uncertain by + 1 in the last digit, this can be expressed as 0.0112 0.0001 or as 


11.2+0.1 mg. 
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that significant figures are those digits 


ROUNDING OFF DATA: We know lus a final one having some 


ain digits 
in a measured number that include all certain digits p 
uncertainty. 


a number to the desired significant figures, 
ficant digitsina calculation and adjusting 


the last digit reported. In order to get desired significant hu ЕЕ. or more 
digits from extreme right can be ЫА =: ding to се : 
UNDING : | 2 

E E Poe be dropped is greater than 5, then add 1 to the last digit to 
be retained and drop all digits farther to the right. Thus 5.768 is rounded 
off to 5.77 to three significant digits (the last digit *8" dropped is greater 
than 5) and to 5.8 to two significant figures (the last digit “6” dropped is 
greater than 5). 


To round off means to reduce 
Itis the procedure of dropping nonsign! 


2. If the digit to be dropped is less than 5, then simply drop it and also all 
digits farther to the right. Thus-5.734 is rounded off to 5.73 to three 
significant digits (the last digit “4” dropped is less than 5) and 5.7 to two 
significant digits (the last digit "3" dropped is also less than 5). 


3. If the digit to be dropped is exactly 5, then two possible situations arise 
due to even and odd nature of the last digit to be retained: 
(i) If the digit to be retained is even, then just drop the “5”. Thus 7.865 is 
rounded off to 7.86 to three significant di gits (the digit to be retained "6 
is even). 
(ii) Ifthe digit to be retained is odd, then add 1 to it, Thus 6.75 is rounded off 
to 6.8 to two significant digits (the digit to be retained “7” is odd). 
NOTE: If you use a calculator, you can simply enter numbers in the calculator 
one after the other, performing each arithmetic operation and rounding 
Just each final answer to the desired Significant figures, 


= 


USE OF SIGNIFICANT DIGITS IN ADDITION AND SUBTRACTION 
The proper use of Significant figures in addition and EC involves? 


comparison of only the absolute uncertainties of the numbers. This means E 
nly as many digits are to be retained to the right of the decimal point in the ans wet 


l| c s 
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as the number with the fewest digits to the right of the decimal. It will be necessary 


to round the last retained digit up if the next discarded digit is 5 or greater. For 
example, 


ЭЛЕЕ =2 ЗЕЕ ЭИ 
8.741 — 5.31 3.431 = - 343 


If numbers with positive or negative exponents are involved, adjust 
exponents so that they are all the same before adding or subtracting. - 


Example 1.1 
Consider the addition of following numbers 5.00 x 10 2, 0.775 x 10 ? and 
0.0001 x 10? 


` Solution: — 5.00 x10? 
.. 0.775x 10? 
0.0001 x 10? 
Total ` 5.7751 x 10? 
(Round up) 6.0x10? 


Example 1.2 
Add 15.5m, 651.8 cm. and 4291 mm. 


Solution : 


For the addition of significant figures, all measurements should be in the 
same unit, so values are to be changed in metres and then are added. 


15.5 m = 15.5 m 
651.8 cm = 6.518 m 
4291 m.m = 4.291 m 
Total = 26.309 m 

(Round up) = 26.3 m 
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USE OF SIGNIFICANT DIGITS IN MULTIPLICATION AND DIVISION 


The proper use of significant figures in multiplication and division involves 
a comparison of only the relative uncertainties. The number запа as a result 
of multiplication or division of two or more numbers obtained by measurement 


must have no more significant figures than that number used in the multiplication 
or division which has the least number of significant figures, for example; 


(1.32) x (4.421) = . 5.84 
15.88 + 7.95 = 1997 = 2.00 
31.23х4.5 
CERCLE = 15 
9.41395 


The numbers which determine the number of significant figures in the 


answers are 1.32 (Three significant figures), 7.95 (Three significant figures) and 
4.5 (Two significant figures) respectively, 


THE GENERAL APPLICATION OF SIGNIFICANT FIGURES: 


The rules of addition, subtraction, multiplication and division of significant 


figures will save time and give results of accuracy when calculations are made, 
specially when a series of multiplications and divisions are involved. 
Example | 4 — 56 x725 x 273 x 


Simplify. — 760x298 — 


Solution : 


(i) 56x 725 x4 а ч 
(ii) 41000 x А eee (2 significant figures retained) 
(ii) 760 x 298 = 226480 us ООО ОО (2 significant figures feine 
Finally = 230000 (2 significant figures retained) 

(iv) 11000000 | 

= 478. аы 
7 2300007 T= 48 (significant figures retained) 

(Note : Zeros after anu 


-T mbe M» 
one significant figure), Fare not significant digits which means 300 has only 


a 
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1.3 USE OF EXPONENTS (LOGARITHMS) 


We know that in scientific work, there are many occasions when we are 
confronted with the measurements of very small numbers or very large numbers, 
for example the mass of an electron is found to be. 
0. 911 g and the number of atoms in 1 mole 
of an element is found to be 602,300,000, 000,000,000,000,000 such nutnbers 
аге much more conveniently expressed as multiples of 10. For example the first — 
number may be written as 9.11 x 107? g and the second number as 6.023 x 102° - 

‚ By the same approach 0.0005 becomes 5 x 10— and 5000 becomes 5 x 10? 
Thus all numbers may be expressed as a power of 10 and 107, 105; 105, 10-', 10? 
etc. are generally called as exponential terms in which the base is 10. The powers 

to the base 10 are known as exponents. Any other number may also be used as a 
base but it is always convenient to have 10 as the base. 


The exponential notation is of immense help in simplifying many types of 
arithmetical computaters and aids in minimization of errors. For example suppose 
you wish to divide 0.00016 by 80,000. This may be written as : 


0.00016 16x10 


80,000 8х 10° 


=, 2x10 x 10422 x 10? 


The following, moreinvolvedcalculation shows more clearly, the usefulness 
of exponential notation. 
(0.00042) (560) (4.2х10—)(5.6 х 10) 14.2х5.6 10x 10° 
CI БРОЕНЕ eS = х—н: 
(84,000)(0.007) ^ (8.4х10*) (7x10?) 84x7 10'x 102 


107 


=0.4x = 0.4x 10™ = 4.0 x 10° 


10! 


Setting up calculations in this manner is very convenient and easy. 
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In the expression a" = y, xis called the logarithm of y to the base a, where a 
must be positive number other than one. A logarithm is, therefore, an exponent 
and as such, follows the rules applying to exponents. 


In logarithm the base is usually 10. 


Suppose N = 10*, now if N = 1,000, then х= 3 i.e. 1000 = 10°. The power (or 


exponent) xis called logarithm of the number N. This may be written in algebraic 
form $} 


logN = x 
This is read : "the logarithm of N is x" 


The logarithm is divided into two parts, the integer part called the 
characteristic and the decimal fraction called the mantissa. It must be remembered 
that the mantissa of a logarithm is always positive, the characteristic may be either 
positve or negative. Characteristic may be determined by just looking at the 
numbers, Mantissa may be found out with the help of logarithm tables. 


For example, the numbers 0.0025, 0.25, 2.5, 25,000 etc. have the same 
mantissa but different characteristics. | 


To illustrate-how to find the characteristic ; : 
i of a ie ei t 
consider only numbers of the power of 10. number it is simpler to jus 


N 


Characteristic 
1000 (10°) 3 
100 (10°) 2 
10 (10!) | 
1 (109) 0 
0.1 (107) Ei 
0.001 (10?) -3 


Note that characteristic is sim iten as 3 
ply the exponent of the number written 
power of 10. Each of the above numbers has the mantissa 0.000... as given in the 
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logarithm table, Thus. 
log 1000 = 3.000 
log 100 = 2.000 
log 10 = 1.000 
log 1 = 0.000 
log 0.1 = -1.000 
log 0.001 = -3.000 


Now considera number 273. The value of 273 will lie between 100and 1000 
i.e. between 10? to 10° which means 273 = 10* where x is between 2 and 3. 
According to Logarithm table the value of x is equal to 2. 4362. It means that 
109€ = 273 so log 273 = 2.4362 
(Characteristic 273 = 2 
Mantissa 273 = 0.4362) 


THE USE OF LOGARITHMS IN COMPUTATIONS 


There are three fundamental rules in {9garithms which help us in many 
calculations in multiplication, division and obtaining roots and powers, 


logab = log atlogb 
logab = loga—logb 
log (a^ = nloga 


Where a and. b аге any two positive numbers and n is as positive or 
negative number. 
Examples : 


(i) leg(450x566) =  log450 + log S66 
= 2.6532 + 2.1528 
= 5.4060 
Antilog of 5.4060 = 25470 


since the characteristics is 5 
Antilog 0.4060 = 254200 
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(i) log(878 122) 


log 878 - log 122 
2.9435 — 2.0864 
= 0.8571 


Antilog 0.8571 = 7194 + 2 = 7196 = 7.196 


(iii) log (б8у\л= : log 68 = E (1.8325) 


il 


= 0.2290 


Antilog 0.2290 = 1.694 


14 ERROR AND DEVIATION 


We know that in experimental observations we come across with errors and 
deviations in repeated measurements due to the factors like "defect in the 
instrument", or "Lack in handling the apparatus", or "improper functioning of the 


instrument" etc. Errors in analysis may be classified a systematic (determinate) 
and as random (indeterminate). 


( Systematic errors are caused by the defect in ће analytical method or by the 
improper functioning of instrument. For example, in titrations if the indicator is 
not properly prepared, then the colour change will occur before the equivalence 
point, this systematic error or if burette is not properly cleaned or rinsed, then it 
will cause a systematic error. To avoid this type of error, the cause of Ne should 
be rectified. There is no strict definition of systematic errors, since what is 2 
Systematic error for one experiment may not be for another. ' 


Gee aa we all the Systematic errors have either been eliminated 0 
ae pote? l| do not obtain exact" or "true" measurements because there 
eiie nty in every physical measurement. The errors that the remaining 

' 11416 are called random errors. Random errors are unavoidable for 
example in a 50cm? burette, we can read the burette reading accurately only © 


the nearest 0.1 cm, A 

: . А random error may be d 9 «e why 
sitiv . That 15 

we take the average y be positive or negative 


h = average of the several replicate measurements which is more reliable 
than any individual measurement 


5» 
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ATOMIC MASS 
| Atomic mass is defined as the mass of one atom of the element com pared 
with the mass of one atom of С!? (the stable light isotope of carbon). Thus one 


atom of hydrogen which weighs approximately iz the mass of one atom of 


carbon (12) has an atomic mass of (12-1). It may be noted that atomic mass 


is a ratio and hence has no unit. Thus an atomic mass may be given in any unit 
of measure i.e.-grams, pounds, ounces and so on. Generally atomic masses are 
expressed in atomic mass units (a.m.u). One atomic mass unit, therefore. equals 


exactly one twelfth the mass of a carbon-12 atom. 


MOLECULAR MASS AND FORMULA MASS 
Every molecule must have a mass since it is composed of atoms. For 


instance the molecule of water is composed of the elements hydrogen and 
oxygen. The atoms of these elements form molec'iles, each consisting of two 


hydrogen atoms bonded to onc oxygen atom and-the molecule of water is 
represented by the moiccular formula, НО. The mass of a molecule is referred 


as its molecular mass and is defined as the sum.of the atomic masses of the atoms 
of all the elements present in a molecule shown by its molecular formula. For 


example, the molecular mass of water (H0O) is (1+1+16)=18 a.m.u. 

In many substances atoms do not aggregate into molecules. For instance 
in sodium chloride (NaCl), the atoms are not organised into discrete molecules, 
but are bonded to one another in a network structure. The same is true for silicon 
carbide (SiC). Such compounds are represented by their simplest (empirical) 
formulas. We can notassign molecular mass to such compounds because there 
are no discrete molecules; we, therefore, assign a quantity called formula mass 
for such compounds. Hence formula mass is the sum of the atomic masses as 
given in the simplest (empirical) formula of the substance. Sodium chloride is 
represented by the simplest formula NaCl which means that in its crystalline 
form, the sodium ions Na * | and chloride ions (С! ) occur in the ratio 1:1. 


Thus the formula mass of NaCl is 234-35.5-58.5 a.m.u. 


1.5 EMPIRICAL FORMULA 


The empirical formula is that formula which is found by experiment. It 
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represents the simplest ratio of the combining atoms in a QE ы ya 
the empirical formula of benzene (C, Hj) is CH, it indicates = eb we 
molecule is composed of the elements carbon and hydrogen a e ies o ' 1, 
Generally, empirical formula does not represent the actual number of at- 
oms in a molecule. There are some compounds (specially ionic compounds) 
which have same empirical and molecular formulas. For example, MgO, 
NaCl, CaCO, ete. (Ionic) and CH, H,O etc. (Covalent). 


To work out empirical formula: As mentioned above, the empirical formula is 


determined from the results of different experiments. The determination of 
empirical formula involves the following steps: 


(i) To detect the elements present in the compound (element detection by 
experiments) 


(ii) To determine experimentally the masses of the elements. 
(iii) To calculate the percentage of elements from their masses (Estimation) 


(iv) To calculate the mole ratio of the elements; (Divide the percentages 
of elements by their Atomic masses). : 


(v) To obtain the simplest ratio of atmos (Empirical formula):{Divide the 
quotients obtained from (iv) by the smallest quotient]. 


It is interesting to note that the first three steps concern to the determination 
of composition of a compound. 


Illustrated Example 


Suppose that you are given an unknown compound whose Empirical 
formulais to be determined. The theoretical set of experimental results are quo! 
below which will be used to show you how to work out the empirical form" 1 
(i) 


By performing tests, it is found that the compound contains magnesium and 
oxygen elements. 


(ii) The masses of the elements are experimentally determined tobe magnesiu™ 
=2.4g and oxygen = 1.6g. 
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(iii) The next step is to estimate the percentage of each element as shown below: 


Mass of the sample of magnesium oxide = 2.4 g Mg + 1.6 g 0-40 g 


Now, 4.0 g of the compound contain 2.4 g Mg 
100 g of the compound contain 2.4 gx100 g _ 60 
4.0g : 
Mg = 60.0% 
Mass of Oxygen = 100g — 60g - 40g per 100 g compound. 
О = 40.0% 


upto this stage, the composition of the compound is fully established. 


(iv) Mole ratio of the elements is obtained by dividing percentage of each 


element with its atomic mass. 
60 40. 
= = 2.5 F O°. = — = 2.5 
Mg S 24 16 


(v) Toobtain the simplest ratio of atoms, the quotients obtained from (iv) are 
divided by the smallest quotient (Here both quotients are same). 


2.5 : 25 . 
= ee = ; О = RD MEN 
Mg 2.5 2.5 


Thus the empirical formula of the compound = MgO 

Remember, if the percentage composition of the compound is given in the 
numerical, then only steps (iv) and (v) are followed in calculating the empirical 
formula. 


.367 g of an organic compound containing C, H, and O, 


Worked Example I: 1 | ) 
am of air to yield 3.002 g CO, and 1.640 g H,O. Whatis 


was combusted in a stre 
its empirical formula? 


Solution: The masses of CO, and Н,О are used to find out the masses of 


carbon and hydrogen: 
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12 gC 
1 mole C 
Mass of C = x 3.002 g CO, = х 3.002; со, 
1 mole CO, 44$ CO, 
2 moles Н atoms 2gH 
Mass of H = х1.640 g HO = x 1.640 
1 mole HO 18 g H,O 
= 0.18 g H 
(ii) Now, the percentage of C and H is calculated: 
1.367 g compound contain 0.819g C 
100 g compound contain 0819g.x100g _ 59.9 g 
1.367 g ; 
C = 59.9% 
1.367 g compound contain 0.18 gH 
100 g compound contain 0.18 gx 100 g 
=13.16gH 
1.367 g 
2. H=13.16% 


Percentage of oxygen is calculated by subtracting the % of C and H from 100: 
% О = 100 – 59.9 ~ 13.16 = 26.94 % 


О = 26.94% 
(Ш) To BH ratio of C, H, and O, their percentages are divided by thet 
59.9 
C E — am = 
12 " 
H 13.16 


Bor = 13.6 
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26.94 


ane, k j 


(iv) The quotients are divided by the smallest quotient (1-68) to obtain the 
simplest ratio of atoms: 


5 

SPE 168 ? 
13.6 

HIMEN 8 
1.68 

DL ar 1 
1.68 


Thus the empirical formula of the compound = C, H, O 


1.6 MOLECULAR FORMULA 


A formula that expresses not only the relative number of atoms of each 
element but also the actual number of atoms of each elementin one molecule of 
the compound is called a molecular formula. For example, the molecular formula 
of benzene is C, H,. This indicates that the benzene molecule is composed of 6 
atoms of carbon.and 6 atoms of hydrogen. The molecular formula is an integral 
multiple (1, 2, 3 etc.) of the empirical formula. 

Molecular formula = (Empirical formula), Where n = 1, 2, 3, etc. 


Glucose, for instance has the empirical formula (CH,O),. Thus molecular 
formula of Glucose = (CH,O), = C,H,,0,. As pointed out earlier, the ionic 
compounds are mostly represented by their empirical formulas as they consist of 
ions in their crystals. However in certain cases, ionic compounds are not 
expressed by empirical formulas e.g. Na, 5,0, is not represented as Na S203 
because it has been proved experimentally that there are four sulphur atoms and 
six oxygen atoms which are held together by covalent bonds in tetrathionate ion 
S,O,^-. The covalent compounds on the other hand exist as discrete molecules 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


16 


which are represented by their molecular formulas. Forexample, sodium Nur. 
and magnesium chloride are ionic compounds, hence they are PORC F y their 
empirical formulas NaCl and MgCL; water, methane on the other hand are 
represented by their molecular formulas H,O and GHz 


To work out Molecular formula: As mentioned above, the molecular 
formula of a compound is an integral multiple of its empirical formula, hence the 
first step in the determination of molecular formula is to calculate empirical 
formula by usual procedure as explained earlier. After that, the next step 15 to 
calculate the value of integer 'n'. 


Molecular mass 
Empirical formula mass 


e.g. in case of glucose where molecular mass is--180 and the mass of empirical 
formula (CH,O) is 30, 


180 


—— 9 
I 


ages 
Now the molecular formula of glucose is (CH,O), or C, H,, Oe 


Worked Example 1: 1.0 g of the sample of butane, a hydrocarbon fuel was 


burned in an excess of oxygen to yield 3.03 g CO, and 1.55 g H,O. If molecula 
mass of the compound is 58, find out its molecular formula. 


Solution : To determine empirical formula: 


(i) Tocalculate masses of carbon and hydrogen for the masses of CO, and H0: 


1 mole 


Mass of carbon = -— M— 
1 mole CO, 


C 
x 303 g CO, m x3.03 20.838 


2 mole H 2 97 gH 
Mass of Hydrogen - | ——— —— =281.55g=0. 
yarog i mie HO * 1.55 gH,O ТҮ Б 


p 
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(ii) To calculate percentage of carbon and hydrogen: 


1.0 g of the compound contain 0.83 gC 
100 g of the compound contain 


0.83 gx —— = 83%C 
1.0g 


Since butane contains only carbon and hydrogen, hence : 
Percentage of Hydrogen = 100 — 83 = 17% H 


(ш) To calculate mole ratio of the elements by dividing the percentages by their 
atomic mass. 


са fd eue ТТ] 
C = 12 = 6.91 ; | 
(iv) To obtain the simplest ratio, the quotients are divided by the least ratio: 


6.91 17 


C 6.91 l | 


In order to obtain nearest whole number ratios, both the members are multiplied 
by 2: | 
C=1x2=2 ; H=2.5x2=5 
` Thus the empirical formula of the compound = C,H,- 


The empirical formula mass of C,H, = (12)2+(1)5 
22445229 


(v) The valüe of the integer 'n' is calculated as follows : 


Molecular mass Заг ) 
Empirical formula mass EX 
Molecular formula = (Empirical formula), 
E (CH), 


ane OR 
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Hence molecular formula of Butane = CH, 


17 MOLE AND AVOGADRO'S NUMBER 


In routine chemical problems, 


it is necessary to consider quantities of 


substances in terms of the number of atoms or ions or molecules present. The unit 


devised by chemists to express number of atoms ОГ ions or molecules is called the 
mole (mol), 


A mole is defined as gram atomic mass or gram molecular mass 
or gram formula mass of any substance (atoms, molecules, ions) which 
contains 6.02 x 10” particles. 


The purpose of relating unit number of particles to the 


standard atomic masses is to provide a ready method of calculating the mass d 
a mole of any substance (molar mass). 


Consider a mole of carbon-12, atoms and a mole of magnesium atoms. 
By definition, a mole of C-12 is {2g of this substarice. The atomic mass 0 
magnesium is 24 which means each atom of magnesium is twice as heavy ® 


carbon atom, it follows that mole of magnesium is 24g. Similarly a mole of oxys™ 
atoms is 16 g and a mole of oxygen molecules is 32g. 


Modem experimental methods for the 
show that in one & ~ mele of a substan 


number is called the Avogadro's Ny 


mber. It is given i A 
Avogedio (1716-1856). TrisdenoedbyN, ^ ne honour of 
A? 


ned 


f 
0? 


Example: 
A mole of hydrogen atom = 1g2602x 102 
= 6.02 x atoms 
А mole of hydrogen Molecule = 2 
mole of NaCl Phe ee 


A mole of H,O = 18 
2 moles of HO = 


76.02 x 10% Na* + 6.02* 
cules 


= 1.204 x 10 molecules 


Bs 6.02x 10» mol 
e 
368 = 2x 6.02 x 102 


Scanned with CamScanner 


= 58.5g = 1 mole Na’ + 1 mole C ІР d 


, Ө? PERV n 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


19 


1.8 CALCULATIONS BASED ON CHEMICAL EQUATIONS 


We already know that a balanced chemical equation tells us the exact mass 

ratio of the reactants and products in the chemical reaction. For example, from the 
uation i 
ie Zn + 2HCl —— ZnCl, + H, (g) 

We can say that 1 mole of Zn reacts with two moles of HCI to give one mole 
of ZnCl, and one mole of H, gas or 65.4 parts by mass of Zn react with 73 parts 
by mass of HCI to give 136.4 parts by mass of ZnCl, and 2 parts by mass of H, 
From this relationship, we can calculate the mass of any given species from the 
mass of any one of the species. Thus from the chemical equation for certain 
reaction, the ratio of the moles of the reactants and che products can be 
determined. Hence the study of the relationships between the amounts of the 
reactants and the products in chemical reactions as йүс by chemical equations 
is called stoichiometry. 

IMPORTANT ASSUMPTIONS FOR STOICHIOMETRIC 
CALCULATIONS 
There are two important assumptions, while considering calculations 
based on the stoichiometry of chemical reactions: 
(i) Reactants are completely converted to prodücts. 
(ii) No side-reactions occur. 
Suppose we want to calculate the mass of carbon dioxide formed when 
a given mass of carbon burns in air, we know the equation for the reaction i.e. 
C t О» =т= со» 
In actual practice, it is possible that we get less carbon dioxide than the 
calculated mass. This is because that the given mass of carbon can also form 
carbon monoxide in addition to carbon dioxide. 


2C + O, ———92CO 
This means that we have to avoid the formation of carbon monoxide 
which is а side-reaction. 
C+ O, Side reaction CO 
CO, 
There are three relationships involved for the stoichiometric calculations 
from the balanced chemical equations which are : 


(a) Mass — ` Mass Relationships 
(b Mass  — Volume Relationships and 
(c) Volume -— Volume Relationships 
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(a) Mass - Mass Relationships : 


In such relationships, we can determine the ua je be 
product from a given mass of the substance in a chemica e es с dp 
of balanced chemical equation. Actually from à balanced c e ша ү 
get the exact relationships between the masses of the reactants and p ucts, | 
calculation of mass from chemical equation 1S illustrated in the following 
examples: 

Ехатріе- 1. E NOME 

Calculate the weight (mass) of carbon dioxide (CO,) that can be | 
heating 25 g of limestone (CaCO,). And also calculate the weight (mass) o 
calcium Oxide (CaO). 


Solution: 
Equation of the reaction is as follows : 
Heat 
СаСО, ————3À СаО +. C04, 
| mole l mole пор 
100; 56 g “sg 
Method - I 
No. of moles in 25 g of CaCO, = = = 0.25 mole 
1 mole of CaCO, yields _ 1 mole of CO, 
0.25 mole of CaCO, yields 0.25 mole of CO, : 
= 0.25 mole of СО, 
. Massof CO, in 0.25 mole = 0.25 x 44 
1 mole of CaCO, yields 1 mole of CaO 
0.25 mole of CaCO, yields 0.25 mole of СаО. 
= 0.25 mole of СаО 
mass of CaO in 0.25 mole = 0.25х 56 
Method - II (m 
100 g of CaCO, yield — 44 g of CO, 
l gof CaCO, yields 44 g of CO, 
100 
^ 
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25g of CaCO yield 44 рх 25 6 = 11 gof CO, 
100 р 

100 g of CaCO, yield 56 g of CaO 

1 g of CaCO, yields 56g of CaO 

100 

25 g of CaCO, yield 56gx 258 = Mg of CaO 

100g 

Example - 2 


Chlorine is produced on large scale by the electrolysis of NaCl aqueous 


solution. Calculate the weight (mass) of NaCl required to кош 142. g of 
chlorine. 


Solution : 
The equation of the reaction is: - 
Electrolysis 
2NaCl, + 29,0 ————> Cho +H 2NaOH(s) 
2(58.5) = 117 g | 718 
Method-- I - 


71 g of CL are produced by 117 g of NaCl 


117 
1 g of Cl, is produced Бут g of NaCl 


tka 
Pea i 
LE 


117g 
. 42 
А 142e Ae are produced by ЛЕ x142g 
= 23MgofNaCl 
Method -II 
i 142 g of CL 
No. of g moles of Cl, in 142 g= ed, 


= 2g moles of Cl, 
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According to above equation 
One mole of Cl, requires 2 moles of ме. xd 
2 g moles of Cl, require 2 x 2 = 4 moles 0 . 


: : 4 moles = 4 x 58.5 
Weight (mass) of NaCl in = 234 g of NaCl. 


Mass - Volume Relationships j 

x The miolar quantities of gases can be expressed in terms of volumes € 
as weights (Mass). According to Avogadro, one gram mole of any gas at s : 
temperature (O°C) and standard pressure (1 Atm. or 760 mm Hg) occupies a 
volume 22.4412. It is a mathematical coincidence that опе ounce mole of any gas 
at standard temperature and pressure occupies a volume 22.4 cubic feet. This 
relationship allows us to interchange mass and volume units of a gas through 
mass- volume relationship in a chemical equation. The following examples will 
illustrate by mass – volume relationship. ; 


Example-1 
Calculate the volume of.CO, gas produced at standard temperature and 
pressure by the combustion of 20grams of CH, 


Solution 3 
The equation for the reaction is _ 
CH, * 205; —? СО, + 2H. 0, 


Method - 1 
No. of moles of CH, in 20grams = Given mass of CH, 
Molar mass of CH, 
2574208 DS 
x lég 7 = 1:25 moles 
One mole of CH gives one 
1.25 mole of CH mole of CO, 


4 ives 1.25 mole of CO, 
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Мо. of mole of CO, gas S.T.P. = = 1.25 
‚Опе mole of CO, gas at S.T.P. occupies a volume 22.4 dm? 
1.25 mole of CO, gas at S.T.P. occupies a volume 22.4 x 1.25 = 28 dm? 


Method-II 


Molecular weight (mass) of СН, = ic 
Molecular weight (mass) of CO, - 

16 grams of CH, give 44 gram of zm 

1 gram of CH, gives 44/16 gram of CO, 


20 gram of CH, give 162 х 20 g = 55 grams of CO, 
44 grams of CO, at S.T.P. occupy a volume 22.4 dm? 
1 gram of CO, at S.T.P. occupies a volume 22:4 dm? 


55 grams of CO, at S.T.P. occupy a volume = dm x55 g 
= 28dm 


Example -2 

Calculate the volume of Oyat S.T.P. for the complete combustion of two 
moles of carbon disulphide (CS, ) Calculate the volume of CO, and SO , produced 
also., 


Solution: i 
CS, * 30.5 ? СО, + 250, 


This equation shows that 1 mole of CS, reacts with 3 moles of O, to give 1 
mole of CO, and 2 moles of SO,. 


Thus 
1 mole of CS, reacts with 3 moles of О, 
2 moles of CS, react with 3 x 2 = 6 moles of О, 
Volume of 6 moles of O, at S.T.P.= бх 22.4 
= 134.4dm? 


i 0 NN 
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1 mole of CS, gives 1 mole of CO, 
2 moles of CS, give 2 mole of CO, 


E О,= 2x224dm 
-. Volume of 2 moles of СО, fep adn 
1 mole of CS, gives 2 moles of SO, 
2 moles of CS, give 2x 2-4 moles of SO, 
volumeof4molesofSO, = 4х 22.4 dm? 
: = $896dm 
(C) Volume - Volume Relationships 
Gases react in volumes and the relationship between volumes of gases in: 
chemical equation is governed by Gay-Lussac's Law of combining volumes 
which states that gases react in the ratio of small whole numbers by volume uncer 
similar condition of temperature and pressure. For example in the reaction: 


CH — 
4) v 20,5 CO, 0 + 29,0, 


Опе у : 
olume of CH, gas reacts with two volumes of О, gas to giv ont 


volume of | 
formulae ie SS Of water vapours. The coefficients of 

| onshi | 
gas at S.T.P. occupies a volu sups. We already know that one mole of и 


say 22-4 ата CH, gas сЕ Е Thus in the above equation * A 
gas and 44.8 div of HO 8 dm’ of O, gas to give 22.4 dm of“ 
volume of one ELO vapours. This relationship са us to calculate 
t another gas involved in 2 chem 
The followin : 
relationship from 
Example -1 
gas? What volume of 
Solution; 


E examples will 5 


ill | : Я gut" 
à chemical SINE the application of volume * V 


2 Will be formed? - um 500 dm’ of 


4 
f х)? 


0 
t CH, will require three dm? 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) _ 


25 
1 dm? of Ethene (C,H,) requires 3 dm? of O, 
500 dm? of Ethene require 3 x 500 
= 1500 dm? of O, 


- dm? of Ethene (C,H,) produces 2 dm? of CO, 
500 dm? of Ethene produce 2 x 500 = 1000 dm' of CO, 


Example -2 
Hydrogen sulphide burns in oxygen according to the equation. 


2H,S, + 30,5 2H,0,, + 280... 


Calculate the volume of O, at S.T.P. required to burn 900 dm? of H,S and 
also find the volume of SO, gas produced. 


According to equation: 
Solution: 
2 dm’ of H,S gas require 3 dm? of O, for combustion 
I dm? of H,S gas requires ?/, dm’ of О, for combustion 
. 900 dm? of H,S gas require ?/, x 900 = 1350 іп? of O, 
2 dm! of H,S gas give 2 dm! of $0, | 
*- 900 dm’of H,S gas give 900 dnd of SO, = 900 dm’ of SO, 


1.9 LIMITING REACTANT: 

In the stoichiometry of chemical reactions, some complexities arise 
which шаке the system comparatively difficult and it is not so simple to get 
direct relationships in chemical equations. In such cases, one aspect is the 
determination of the “Limiting reactant “ which helps in calculating the amount 
of any one of the products. In irreversible reactions, the reactions go to | 
completion in the direction of the arrow, untill one of the reactant which will be 
limiting reactant, is consumed entirely and the reaction stops. Calculations are 
made on the basis of the amount of limiting reactants. This can be illustrated 


by the following example. 
Example: Sodium thiosulphate (Na,5,0,) can be prepared by the reaction given 


below: 
2Na;S,,, + Na;CO,,, + 450, у > 3Na;S)0, . + CO, 
How many grams of ‘sodium thiosulphate will be ‘produced ‘when 200g 


each of the three reagents Na,5,Na,CO,andSO, are reacted together? 
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According to balanced chemical equation, the exact mole ratios of the 
Solution: Accordin 


reactants (Na,S,Na,CO,andSO; ) are 2:1:4. : 
Amount of each of the reactants is 200 £. 


4:200. 
Number of moles of Na,S in 200 gis E a moles. 


| 200 
Number of moles of Na,CO, in 200 g is 306^ 1.886 moles. 


Number of moles of SO, in 200 g is = = 3.12 moles. 


Because the quantity of Na,CO, is the smallest amount of all the 
reagents used in the reaction, this can be the limiting factor, so the 
amount of the other reagents used will be as: 

(i 1 mole of Na,CO, reacts with 2 moles of Na;S 


". 1.886 moles of Na,CO, react with 2x1886-3.772 moles 
(ii) 1 mole of Na,CO, reacts with 4 moles of 50,. 
^. 1. 886 moles of Na,CO, react with 4x 1.886 — 7.544 moles 
available inthe quantis е natnelther Na nor SO, * 
Na,CO, is present in rest consume 1.886 moles of Na,CO $ 
Let us see NaS. | 
2 moles of Na,S react with 4 mol 


*.. 2.56 mol ев of SO, : 
Butihe d of Na;S react with 4%2.56 _ „ул moles. і 
а $ -J 
Go ctual amount of SO, available inva 19 moles " 
€ Na,S is in eXcess and ' опу о. d 
amount of § 


SO, is th p. 
"s \ € limiting reac 
2 1S used to Calculate the amount of М№а,5,0›. 
4 moles of 50, 
1 mole of 50 
1 z Moles of 

“^. 3.12 moles of $0. | 

Amount in grams = | 


2. 
(Molecular mass of “xl 


Na,$,0 
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PROGRESS TEST 1 

(a) Explain (i) Empirical formula (ii) Molecular formula (iii) Mole. 
(b) Calculate the number of moles in 2400 g of (1) CO, (ii) Oxygen molecule 

(11) CaCO, (iv) MgBr, l 

[ Ans: (1) 54. 54 moles (ii) 75 moles (iii) 24.0 moles (iv) 13.04 moles] | 
(a) Whatis Avogadro's number? Calculate the number of atoms in 9.2g of 

Na (Atomic mass of Na = 23 a.m.u) 

[ Ans: 2.408 X10 ? atoms] 


(b) Calculate the mass in grams of 3.01 x 10? molecules of glucose 
(С,Н,.0,). {Ans: 0.09 grams] 
A compound of C, H and N contains 66.70% carbon, 7.41% hydrogen and 


25.90% Nitrogen. The Molecular mass of the compound was found 
to be 108. : 


(i) Find the empirical formula ofthe compound. — [Ans: C3H4N] 
(ij) Find the Molecular formula of the compound. — [Ans: Cs Hg №] 
Determine the significant figures in the followings: 
(a) 15.01 (b)7000 (c) 3.200 (d) 0.004 
[Ans: (а) Four (b) One (c) Four (d) One] 
Simplify the followings according to the rules of significant figures. 


(a) 1.41 x 3.546. (b) 31.23 x 4.56 
... 9.41395 


Express the followings as the power of 10: 
(а) 6782) (b) 565.2 (с) 0.00019 (9) 70,000 (е) 0.00000067 


[Ans: (a) 6.78 2X10 (b) 5.652 X10" (c) 1.9 X10" (d) 7X10" (c) 6.7X107) ] 


With the help of logarithm table, find the values of: 
(a) (25.4)? х (416.2)* (b) 294 x 0.0006 


[Ап: (а) 5.00 (Ы) 15.1] 


е 12 
18 +108 (d) 57 х 365 х (566) 
eae 78 x 221 x (356) ? 


[Ans: (а) 150938.4 (b) 0.1764 (0) 0.00167 (d) 0.5718] 


O Sr 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


28 
: ) four (b) three and (c) two significant 
7. Round off the following numbers into (@ 
() 8.7483 (0) 5.36748 базаи en. 4.24g of sample of acetic 
8. Acetic acid contains carbon, hydrogen P S О, and 2.54 of Н,О. The 
id on complete combustion gave ©. а E 
gn a of acetic acid is 60. Find (1) Empirical formula of acetic acid and 
(ii) Molecular formula of acetic acid. — - 
(Ans: (i) СНО (ii) C;H403] T 
9. Ethylene glycol is used as an antifreeze. Combustion of 6.38 g of ethy ene 
glycol gives 9.06g of COgand 5.58g of H,O. Ethylene glycol contains 
carbon, hydrogen and oxygen and its molecular mass is.62. Find empirical 
formula and molecular formula. 
[Ans: (i) CH,O (ii) СНО] 
10. When dinitrogen pentoxide (N.O,), a white solid is heated, it decomposes 
to nitrogen dioxide and oxygen. 


2N.O.. a 
2-54) о TO 


Find the volume of NO, and'O, gases produced at S. T.P when a samp! 
of 54 g of N50, is heated. 


[Ans: (i) Volume of NO, z 


11. Hydrogen cyanide is pre 


22.4dm' (ii) Volume of O, = 5.6 йт?] 
the following process: 


pared from ammonia, air and natural gas (CH4) y 


2NH;.. +30 
d coda COCHE » 2HCN 
If a reaction vessel co à 


ntains 51p of ; Í 
Ң hat could be made, assumin ie NH, - What is the maximum mass° 
thé volumes of O, and 8 the reacti 


" 
‹ C Оп goes to completion? Find ab 
! Bases requi Dd 
S (i) Mass of HCN-8lp (ii) verd for the reaction at S.T.P. 
(iii) Volume of CH, = 67.8 d iio of O, =100.8dm? 

. m ] 
n be prod 
i Га mixture ans y heating together the solid Mi 
ning 10 6s" 
NH, gas at ST. p Y &rams of NH, are Og of each of these s! d 
+C pA Produceq? Also find the volu 

í аон), ?2NH 


Za + CaCI, T 2Н,О 
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CHAPTER 2 


THE THREE STATES 
OF MATTER 
GASES, LIQUIDS AND SOLIDS 


INTRODUCTION 


Matter is defined as any thing which occupies space and has 
mass. The three states of matter-gas, liquid and solid are easily recog- 
nized through their properties. 


A gas has no shape of its own; rather it takes the shape of its container. It has 
no definite volumé but can be compressed or squeezed into smaller volume. A 
gas diffuses, that is, it distributes itself through out a vessel. 


A liquid has no definite shape; it takes the shape of its container. It however 
occupies adefinite volume of its own. Although itis not absolutely in-compressible, 
it is compressed to a negligible extent even by high pressures. 


A solid possesses both definite shape and definite volume. Like a liquid, it 
is not compressed or squeezed appreciably by high pressures. 


The same substance, say water, can exist in all the three states, for example, 
as solid ice, liquid water and the gaseous steam. Despite the same chemical 
composition, water shows different behaviour in three different states. The only 
conclusion which can be drawnjs that the particles which make up the three states 
of matter for any given substance differ only in the manner in which they are 
arranged and they are not different in kind, The theory which deals with the way 


ETE г... 
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in which the arrangement of particles ofa substance scene. pie Properties that 
substance will possess, and particularly the state 1n which itis likely to be found 
under a given set of conditions is known as the kinetic theory. 


2.1 KINETIC THEORY 


The Kinetic theory is so named because it deals with that property of the 
particles which is so crucial in understanding the three states of matter, 
namely the motion of the particles. Because the particles are in constant 
motion, they possess kinetic energy which tends to keep the particles well 
spaced out in any substance. Thus in terms of kinetic theory. 


l. The gaseous state is the one in which the molecules are widely separated from 


one another but having negligible volume. The gases are easy to compress 
due to large empty spaces. ; 


2. The gas molecules are in continuous motion, travelling in straight paths 
between collisions, butinrandom 


directions (Fig. 2 age distance 
between collisions is the mean free path (Fig. 2.1). The average dis 


FIGURE 2.4 


9 random "motion of a gas molecule. m 


average distan oM un 
mean free rin between collisions 


Gas pressure is the result of t 
the container (fig. 2.2) 
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FIGURE 2.2 
Gas pressure is the result of the collision of the gas 
molecules with the walts of the container. 


5. Inanideal gas, there are no attractive orrepulsive forces between molecules. 
Thus each molecule acts quite independently of the others. 


6. The average kinetic energy of gas molecules depends upon the absolute 
temperature. At any given temperature, the molecules of all gases have the 
same average kinetic erergy ('/, mv’). 


The kinetic theory was extended to account for the behaviour of liquids and 
solids. | 


Fora liquid, the kinetic theory suggests that the particles of a liquid are fairly 
randomly arranged (as in gas), but consists of clusters’ in which they are very 
close together. This makes liquid have a definite volume, but since the particles 
are still fairly free to move, it does not have any definite shape of its own. 


For a solid, the kinetic theory postulates that the molecules are closely 
packed, so that the forces of attraction between the molecules are very strong and 
free movement of particles can not take place. Thus ina solid, the particles are 
arranged in a fixed pattern and they form a lattice of vibrating masses. This makes 


a solid have a definite shape. 


2.2 GASEOUS STATE 


We select to begin our study of matter with the gaseous state because (i) it is 


a i A te a 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


32 


the simplest to study and (ii) it can be readily converted into en rere suis 
- liquid and solid; hence many of our conclusions concerning р pply directly 
to these states. 


BEHAVIOUR OF GASES 


The assumptions of kinetic theory account for most of the properties 
associated with gases and we can obtain better understanding of gas. behaviour, 


~ 


1. Diffusibility 


The distribution or spreading of gas molecules through out the vessel is 
known as diffusion. Unlike li 


quids or solids, the gases diffuse very rapidly. 
A drop of perfume for instance, slowly evaporates out the fragrant gas announces 
the presence of wearer, It is due to the diffusions of perfume through the air. 
In terms of kinetic th 


of a gas are Widely separated and there are | 
are free to move. Due to this fr 
and spread out easily througho 


in which a gas passes through 


cory, diffusion is explained as follows. The molecules 


th 


example, the air effuses fr i 
o Om the tire аза result of whic 


FIGURE 2.3 Je. 
Effusion of gas through a small ^? 
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2. Compressibility: 


In contrast to liquids or solids, all the gases are easily compressed or 
squeezed. In terms of 'kinetic theory’, gases are easily compressed due to large 
emply spaces. By applying pressure, the molecules come closer. Air, for instance 
15 squeezed into automobile tires, When the tire is punctured, the air rushes our. 
It is the reverse of compressibility — the expansibility, thus volumes of gases are 
highly affected by the changes in pressure. (Volume is measured in cubic 
decimetres, dm? or cubic centimetres, сп. [1 dm? = 1000 cm] 


3. Pressure: 


All the gases exert pressure. It may appear surprising but it is a fact that we 
are being pressed upon by an enormously heavy blanket of atmosphere. The 
mass of atmosphere on our body at seal level and at 0°С is 14.7 psi (pounds 
per square inch, 1Ь/їп?) or there is about 20 tons total pressure on our bod- 
ies. 

When a gas is confined in a closed container, it exerts pressure on the walls 
ofthe container which is due to the collisions of gas molecules with the walls The 

tires of automobiles are filled withairuntil the guage shows the pressure of about 
28 psi. This means that the pressure inside the tireis 28 psi greaterthan the outside 
pressure; since the-external atmospheric pressure is 14.7 psi, hence the total 


pressure on the tire is 28 + 14.7 = 42.7 psi. 


Since pressure is defined as a force pushing on a unit of area, therefore 
pressure may be measured in psi (pounds per square inch, lb/in?), Kilograms рег 
square metre (Kg/m?). The S.I. unit of pressure is pascal (1 pa = 1N/in’). 
Since the units of a newton of force are Kg/m.s?, the 5.1. units of pressure are: 


2 
Force newton Kg nys K 1 
c LATA oe = = ms 
Pressure Area 1 1 g/ 


Normal atmospheric pressure at sea level at 273 K (0°C) is expressed in several 


ways. 


DN S m meu __ 
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14.7 pst, 760 mm of mercury = 760 torr (-. 1 mm = 1 torr); 


76 cm = 1 atmosphere (atm ). Since they are more useful for our purpose 
than the S.I. units, therefore we will use these units). 


Problem 1: What is the pressure in torr of 3.5 atm? 


Solution: * lam- 


= 760 torr 
3.5 atm = 


19001 - = x 3.5 atm = 2660 torr’ 


Problem 2: How many atmospheres correspond to 950 torr? 


Solution : -.. 760 torr 
“. 950 torr 


1 atm 


1 atm x 950 torr : 
tie 7 5 н 


Temperature may be defined as that property which determines the flow of heat. 
The common scale of temperature i 


s Celsius (Centigrade). The S.I unit is 
however, Kelvin ( K). : ; 


К = C+ 273 
e.g. 7C 27 2735280 К. 


2.3 GAS LAWS 


The mass, volume, temperature and pressure of gases bear a simple 
mathematical relationship to each other. Furt 


her, other variables, such as rates of 
diffusion of different gases are related mathe 


f diffe matically. The precise statements of 
these relationships are known as the gas laws. 


BOYLE'S LAW 


Fobert Boyle studied the effect of 
: pressure changes on th f the 
gases. For this purpose, he designed a J - Bes on the volume o 


; shaped glass tube and its shorter 877 
was Closed. (Fig. 24). He then poured mercury in the longer arm so as to enclos! 
some amount of air in the shorter arm. The equal level of mercury in the two алт? 
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indicated that the confined air was subjected to the atmospheric presure Fig: 


FIGURE 2.4 

Boyle's J-tube experiment. 
Adding mercury to the 

open arm of the tube 
compresses the trapped 
sample of air to a smaller : 


volume. 


2.4(a). Boyle added more mercury as a result of which the mercury level raised 
above the original level (h) and the increased pressure reduced the volume of the 
air Fig:. 2.4(b). The total pressure was calculated as: 


P, BÉ GP + P, where P, = excess pressure. 


Boyle compared the volume of the air with the total pressure and observed the 
inverse or non-linerar relationship: 


“The volume of a given mass of a gas 1s inversely proportional to 


the pressure exerted on it at a given temperature . 


ported in 1660 is known as Boyle'slaw. According tothis 


Epis ыШО ү if pressure is doubled, volume will be reduced to 


law, at constant temperature, 
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half, if pressure is reduced to half, the volume will be doubled. Boyle's law сап 
be explained in terms of kinetic theory as follows : 


If the volume of a gas is decreased at constant temperature, the average 
velocity of the gas molecules 


remains constant, so they collide more frequently 
with the walls of smaller vessel. The more frequent collisions cause higher 
pressure, 


If the volume of a 


gas is plotted against the total pressure, parabolic curve 
As obtained showing the 


decrease in volume with increasing pressure Fi g: 2.5(a). 


VP tat 


(è) 


FIGURE 2.5 : 
noninsss rebresentation of Boyle's law, (a) A plot of vc us total pressure is 
nonlinear showing that the relationship is i теу 


v 5 inverse. (b) A plot of volume versus the 
reciprocal of tha pressure is a Straight line. 


A graph of volume with I/P gives a strai 
interpreted in terms of molecules in the Fi 
molecules closer together causing the 
Boyle's law can be represented as : 


ght line Fig. 2.5(b) The Boyle's law i 
g. 2.6. Applyin g the pressure brings th 
reduction in volume. Mathematicall) 
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FIGURE 2.6 
Increasing the pressure on 
forces the molecules close 


amass of gas 
r together. 


1 
У °<——_ (Temperature constant ) 
Р 
1 
V=-Kx-— 
P 


PV =K i.e. the product of pressure and volume 
temperature is always constant. If P, and V, are 
volume, P, and V, are the changed pressure and vo 


Of a given gas at constant 
the initial pressure and 


lume, then according to 
Boyle's law: 3 
P, У, ic К; P, V, = K ie. 
P, M = P, У, 


This is the mathematical expression of Boyle's law which is used while 
solving the problems on Boyle's law. 


Problem : What volume does 400 cm? 


sample of a gas at 700 torr occupy when 
the pressure is changed to 2 atm? 


Solution: Tabulate the data. (700 torr = 700/760. = 0.92 atm) 
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P V T 
Original 0.92am 400cm К 
Changedto 2.0 atm M K 


According to the Boyle's law, 


Pi V, = P, V, 
У, = Р, Vi 
Р, 
_ 0.92 atm x 400 cm? 


CHARLES S LAW: 


the decreased ve] 


` ar velocit $$ 
OCity cau y decreases. At constant pr 
volume. у Causes the s 


Mathematically th; 
Y this law can be 
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V e  T(absolut) (Р is constant) 
V = KT 
V 
сказ K 
it 


In other words the ratio of volume of a given mass of a gas to its absolute 


temperature is always constant provided the pressure is kept constant. 


If V,, V, are the original and changed volumes; T,, T, are the original and 
changed temperatures, then according to theCharles's law. 


V, У, 
Т, T, 
Yi V, 
aoe — 2K 
Т, T; 


This is the mathematical representation of Charles 's law which is used while 
solving the problems on Charles's law. 


The graphical representation of the observation of Charles is shown in Fig. 
- 2.7. When the volume of the gas is plotted against the temperature, a straight line 
isobtained. If this straight line is extra plotted, it will be seen that it intercepts the 


` temperature axis at ~273.16°C (Fig. 2.7) 


[t suggests that the volume of a gas would theoretically be zero at 
—273.16?C. In fact this temperature has never been achieved for any gas. In fact 
all the gases condense to liquid at a temperature above this point, so that gas 
behaviour can no longer be observed. The temperature of -273.16°C is referred 
to as the Absolute zero or zero degree of the absolute scale (Kelvin Scale). At 
absolute zero, the volume of gases is considered to be zero and all the motion 
ceases toexist, As already pointed out that centigrade scale is changed into Kelvin 


scale by adding 273. 
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°C+273= К. 
K-2732 °С 


-300, —200 -100 100% 200 300 °C 


_—— 
Temperature 


FIGURE 2.7 / ; 
сарака representation of the volume temperature relationship of a 
ampie of gas. The gas volume decreases With decreasing temperature. 


Problem. ^ А child's balloon hasa volume of 3.80 dm? when the tempe 


is 35°С. What is the volume if the b S 
' alloon is put i : coole 
(05°С? Assume that pressure inside th is put into a refrigerator and 


at all times. € balloon is equal to atmospheric pr^? 
Solution : Tabulate the data. 


Original 
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According to Charles's law 
Vi V, 
T, T, 
MT, 
У, = — 
Т, 


= 3.84п0х278 К = 3.42 dm! 
308 К 


AVOGADRO'S LAW: 


In 1811, Amadeo Avogadro advanced a brilliant hypothesis regarding the 


relationship between the volume and the number 1 
"of molecules of a gas. Thi 
hypcthesis, now called Avogadro's law which states: : B 


"Equal volumes ofali gases at the same temperature and pressure 
contain the same number of molecules", Thus the volume of a £as 15 
directly proportional to the nümber of molecules of the gas at constant 
temperature and pressure. > 


с.е V ос n (at constant temperature and pressure) where 'n' is the number of 
. molecules of a gas. Thus,1 dm? (or cm, m or other unit of volume) of Oxygen 
contains the Same number of molecules as 1dm? (or cm etc.) of hydrogen or of 
any other gas, provided the volumes are measured under the same conditions. 


Based on Avogadro's law, 22.4 dm of any gas at S.T.P. (standard temperature 
is 273 K and standard pressure is 1 atmosphere) constitutes 1 mole of that gas; 
22.4 dm’ at S.T.P. is called the molar gas volume or the volume of one mole of 


a gas at S, T.P. | 


The mass in grams of 22.4 dm? of a gas at S.T.P. is the mass of one 
mole of that gas, e.g. 22.4 dm’ of SO, at S.T.P. is equal to 80 g (one mole), 
It is shown in the fig. 2.8. | 
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Mass of one molecule: 


FIGURE 2.8 
Measured at STP, 22.4 dm 


of a.gas equals a mole. 


Oxygen weigh; 1.43 g and 1 dm’ of Catto" 
о 6 OBAdro's law, idm? of COatS T? 
mole n $ as ldm’ of O, under similar condition 
‚ Accordingly: if we take the molec, т, 5/1.43 times as much as a molecule o": 

of CO would be: Molecular mass of O, as 32, then the molecular mas 


1.25- x32 
E = 
43 28 g/mol 


The General Gas equation (Id 
e 


Equation of al gas ĉquation), | 
Slate: 
ame together to giv Boyle 5 law, Charles’ P 
umber of Moles of a ga &enera] relation ES S's law and Avogadro's law ™ y 
5, Ween the volu p 
me, temperature, p 
According to Boyl e's | 
aw: 


ос care 
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According to Charles’s law V e T (absolute) (P is constant) i тш. 


According to Avogadro's law У = 


Combining these laws we get: 


Vel xTxn 


VzRx i xTxn 


n (Pand T constant) 


PV =п ВТ. This is known as the equation of state because when we 


specify the four variables — pressure, temperature, volume and number of moles 
we define the state for a gas. 


* 


Where R is a constant and is called gas constant. The above equation is 


known as the equation of state or ideal gas equation. 


For 1 mole ofa gas ,n=1 therefore PV = RT. 


If pressure changes to P, and temperature to T, then volume also changes to 


У, 
Then. . P V, 
T, 
Р, У 
Similarly 22. = Е 
T 
Pn V 
‚ ТУ 2 me "=R 
ET T, m 


—— Uo --— D -—-—————— 800 
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This relationship is used to solve problems regarding changes of volumes of 
gases, due to the changes in the pressure and temperature. 


The value of R (The gas constant):- 


. . 3 
(i) When P is expressed in atmospheres, V in litres ordm" . 


PV 
sat tmosphere 
R aT 1 atmosp 


22.4 dm? (Molar volume) 


M 


.  lmolex224dm! Since n = 1 
" | mole x 273 К T = 273K 
0.0821 dm? atmosphere, K mole" 


(ii) When P is expressed in newtons per square metre 


N m?, Vin cubic metres; 


P = 101300Nm? 

V = · 0.0224 m (since 1 dm = 10? т?) 

п = „С | 

o. PV _ _101300 (Nm) x 0,0224 (т?) 

nT 1 (mole) x 273 (K) 

"o MID Nnm Uma: 

Probes m 8.3143 J/(mol K) 

What will be the volu i ; 
m me occupied by 14 g of nitrogen at 20°C and 740 10 
Data: 

Pox 


_ 740 
740 torr = 767 = 0.974 atm. 
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ү = 90 
п = Јав = 0.5 mole 

28 
R = 0.0821 dm’ - ат К! mole! 
T = 20+273 = 293 К. 
PV = nRT 
V = nRT 

P 

3x 0821 x 293 EIN 295 5 12.345 dm? 

Problem - 2 


А certain mass of nitrogen gas at 20°С and at 740 torr pressure occupies 
12.345 dm’. Calculate the volume that it will occupy at S.T.P. 

Data: V 12.345 дт? 
2 
740 torr 
760 -torr | 
20 + 273 = 293 К 
273 К 


-] 
1 


We know that: 


BV, РУ 


740 torrx 12.345dm! 273 K 
T PIONER, жеее кале 


Ж › 
UE х 760 ton 11.12 dm 


Problem - 3 72 


Calculate the volume that will be occupied by 0.8 moles of oxygen gas taken 
at 30°C and at 800 torr of pressure? 


nn Ee 
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Solution: 

Data: PV - nRT 

V=? nRT 
n=08mole mol Et. op 

EE € 

R = 0.0821 atm/ К mo v. 0.8 x 0.0821 x 303 
Т = 30 + 273 = 303K = 1.053 


P= E = 1.053 Atmosphere 


= 18.899 dm! 


GRAHAM'S LAW OF DIFFUSION: 


Diffusion means mixing up of molecules of different gases moving in 
Opposite directions. We know that gas molecules are constantly moving in 
haphazard direction. Therefore when two gases are placed separated by a porous 
membrane, they diffuse through the membrane and intermingle with each other. 
Light gases diffuse more rapidly than theheavier one. Graham (1881) established 


a quantitative relationship between the r iffusi i 
Ses : ates of diffu eit 
densities and is termed as Graham's law of diffusion Econ 


This law states "Rate of diffusion of а 


square root of the density of th gas is inversely proportional to th 


the same for thet " s Bas provided the pressure and temperature are 
€ two gases". This law is stated mathematically 
1 А 
Do 
vd. 


where 'r' is the rate of diffusion and 'd' the density ar 
: e gas. 


If we consider two : 
Bases, having densities d, and d, respectively ; theni 
1 


т oc —— 
1 Vd, 
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Similarly : 


Since the density of a gas is proportional to its molecular mass, we can write 
the above equation as : | 
Е 


Problem - 1 


The ratio of the rates of diffusion of two gases A and B is 1.5: 1. If the relative 
molecular mass of gas A is 16, find out the relative molecular mass of gas B? 


Solution: 
According to Graham's law : 


ГА ОС M, 
Ty M, 
1.5 M, 
"DEB YER 
By taking square of both sides 
a ? = ( ы )? 
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eM, = (1.5? x 16 
225x16 
36 
Problem -2 


Compare the rates of Helium and sulphur dioxide. 


Solution я 


The molecular masses of Helium and sulphur dioxide are 4 and @ 
respectively. Hence, 


Helium diffu'es four times as fast as $0,. 
DALTON'S LAW ОЕ PARTIAL PRESSURES: 


When two or more gases which do not react chemically, are mixed in i 
same container, each gas will exert the same pressure as it would exert ifi! alone 
occupied the-volume containing the mixed: gases. This portion of the 108 

“Ne: : : : : iou 
pressure of a mixture is known as the partial pressure, Based on this behavio? 


of gases, John Dalton formulated a law in 1801 which is known as the 01" 
law of partial pressures. It is stated as : 


"The total ‘pressure of a mixture of gases is the of the partial pres 
of the gases in the mixture". This law is stated mathematically. 
Pom рор 


ТҮҮ 


Р ds T preur, the small p's refer to the part of the pressure yd i 
pressure) exerted by each gas in the mixtu 'А' ressurt 0. 
atm., and gas 'B' 0.2 atm., the total p Ee ine odere cd (04 


otal pressure of the mixture would be 0-2? 
2.9). Partial pressure of a gas is calculated by using the equation: 
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P,= 0.3 atm Pg= 0.2 atm Protat = 0.3 + 0.2 = 0.5 atm 


FIGURE 2.9 


Partial pressure of gas moles of the gas 
== е 


Total pressure . Total moles 
E P X Megas 
Pa = ——— 
П total) 


In terms of kinetic theory, Dalton's.law can be explained as follows: Ina 
non-reactive mixture, each Баѕ ехепѕ aseparate pressure on the container because 


of collisions of its molecules with the walls of container. Thus the total pressure 
in the container is caused by the sum of all the collisions. 


Application: This law applies most commonly to the case of a gas collected over 
water (See fig. 2.10). For example, suppose 100 ст? 


of an insoluble:gas are 
collected over water at a pressure of 745 torr and at 15? 


C. If it is saturated with 


Water vapour, the pressure of the dry gas is (745-13) torr, since the vapour 


pressure of water at 15'C is 13 torr. Thus 


The pressure of moist gas = Pressure of dry gas + pressure of water vapour 
The pressure of dry gas = Pressure of moist Bas - pressure of water vapour 
745 torr — 13 torr 
P dry gas = 732 torr 


Now using gas equation, we can calculate the volume cf the dry gas at S.T.P. 


pe 
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273 K 
p,V,T, _ 73210тх 100ст x273 K _ 913e 
PV, РМ е o 154273) К $ 
T à P, T, 


FIGURE 2.10 3 
Collection of a gas over w? 


Problem - 1 


In the preparation of oxygen in the laboratory, 500 cm’ of the ШЕ! 
was collected over water at 25°С and 724 torr. What volume of dry oxy? 
S.T.P. was-produced? (Pressure of water vapours at 25°C = 24 tor). 


Solution: 


Pressure of dry O, is calculated by using Dalton's law 


Pay О, z Pacta РН 0 
2 


724 tor – 24 torr 
=  700torr 


Now calculate the volume of dry gas at S.T.P 


2 
m T (Gas equation) 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


51 
2919 
P, V, T, CT 
dry раз - т 

Р; w Y 

700 torr x 500 cm? 
zo онх 00 me x273 Ks 421.9 cm? 
760 torr x 298 K 
Problem - 2 


| A mixture of gases at 760 torr contains 2 moles nitrogen and 4 moles carbon 
dioxide. What is the partial pressure of each gas in torr? 


Solution: | 
Total moles (п) = 6 moles; total pressure = 760 torr 
P ie D X N gas) 
p П oral) 
.J6é0torx2mol.;|  . 253.33 torr 
P № = 6 mol 
76049tex 4то = 806671m 
Pco, z 6 mol 


Check: Total pressure = Sum of partial pressures = 760 torr 


24 IDEAL GASES 


An ideal gas is one whose behaviour can be predicted precisely on the 


basis of kinetic molecular theory and gas laws. Two significant properties of 
an ideal gas are that the molecules do not attract each other and they occupy negligible 
space. Actually, no such gas exists, although gases such as hydrogen and oxygen 


do not deviate greatl 
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presence of intermolecular forces like vander Waal's forces between their 
molecules. 


2.5 - CHANGE OF STATE (LIQUEFACTION) 


Gases are liquefied at low temperatures. According to the = a 
lower temperatures, the kinetic energy of the molecules is less, and.t s slower 
moving molecules become subject to inter molecular attractions. Atasu rut 
low temperature, the attractive forces are capable of holding the molecules toon 
another and the gas changes to liquid. 


2.6 -LIQUID STATE 


The liquid state is the intermediate between gaseous and solid state. l 
liquids, the kinetic energy of the molecules is sufficiently high enough to keep!lt 
molecules close together. Like gases, liquid molecules are able to move and thu 
flow and diffuse. However, düe to more compact nature, liquids are n 
compressed to any noticeable extent. The intermolecular distance in liquids? 
much less than that of the gases. 1 mole of a gas, for instance, occupies a vols 


of 22,400 ст? under standard conditions (Avogadro's law), but 1 mole of aliqu 
occupies the volume of 10 cm! to 100 cm?. 


BEHAVIOUR OF LIQUIDS: The 


= | к 
: extended kinetic molecular model acco” 
for most of the properties of liquids. Ў 


1. DIFFUSIBILITY: Like gases, li 
another, e.g., a drop of a dye or an 
Diffusions in liquids is much slow 


x S s 
quids also diffuse. One liquid may фї 
Y Coloured solution diffuses through * 
er than that of gases. 


to be slow. 


2. 
COMPRESSIBILITY: Though the liquids are not ab 


incompressible, but they ma 
y be com f 
pressures. This fact leads to theirusein Xie is : little extent by 
dra e systems. 


) 
solu 


pe 


ANNT 


applie 
motior 


In 
as follo 
Owing 
pressure 


X ЕХ 

heating г 

The mole 
energy ar 
by each n 
may simi 
The 

are large 
tension a 
intermole 


2.7 - VIS 

Like 
definite sı 
honey, m 
etheretc.: 
account ft 


Inter 
Occur in a 
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At nominal pressure, however the brake liquids can transmit the 


applied force to perform certain machenical function such as brakingthe 
motions in a motor car, 


Interms of molecular model, the compressibility of liquids can be explained 
as follows: The liquid molecules due to their closeness roll over one another. 
Owing to very little space the liquid molecules cannot be pushed close by 
pressure. Very high pressures are required for squeezing a liquid. 


3. EXPANSION AND CONTRACTION: A liquid normally expands on 
heating and contracts on cooling (as does mercury or alcohol in thermometers). 
The molecular model explains this behaviour as follows: On heating; the kinetic 
energy and so the velocity of molecules increases. As a result, the volume taken 
by each molecule increases on heating. It results in the expansion. Contraction 
may similarly be explained. 


The distance between liquid molecules are so small that properties of liquids 
are largely determined by the intermolecular attractions. Viscosity, surface 
tension and vapour pressure, for іпігапсе; аге not only dependent on the 
intermolecular forces but they are also modified with the temperature chan ges. 


2.7 - VISCOSITY . 

Like gases, liquids have the ability to flow (fluids) but unlike gases they have 
definite surface. Different liquids have different rates of flow. Some liquids like 
honey, mobil oil etc. flow slowly and are called viscous liquids, while gasoline, 
etheretc. which flow quickly are called less viscous. The intermolecular attractions - 


account for this behaivour of liquids. 


Inter molecular attractions between the molecules within the bulk of liquid 
occur in all directions (Fig. 2.11) i.e. the molecules are attracted mutually in all 


FIGURE 2.11 
Intermolecular attractions between molecules 
in the bulk of a liquid occur in all directions. 


I A mm 880 
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directions. These intermolecular attractions which draw the liquid molecules 
together are responsible for the viscosiry, that is, 'its resistance to flow. The 
liquids that have stronger intermolecular attraction have greater viscosities, their 
molecules are less easily moved about with respect to each other. Ethyl alcohol 
(C, H,OH), for instance, is more viscous than ether (C B,.O. CH, because there 
arc hydrogen bonds among alcohol molecules. The grading of motor oils is done 
on the basis of viscosity for example, Sea grade 30 oil is less viscous than 
the grade 40 oil. 

The viscosit 
Centipoises and 

N.s.m? 


y is expressed in poises (l poise 


= 1 gm/cm;S) or its multiples - 
millipoises. The S.I. unit 


is newtonx seconds per square metre 


1 centipoise = 103 N. s.m? 


Viscosity of certain liquids atdifferent temperatures is givenin the table 2.1. 


Table 2.1 — Viscosity (centipaise) at different temperatures. 


Water 

Ethyl alcohol 
Glycerine 
Acetone 


decrease 
volume of liquid i 


From the above table, you must have noticed that the viscosity o 
ases with the rise in temperature, In fact, with the п 


ncreases and the intermolecular attr 
2.8 -SURFACE TENSION (Y) 


f a liquid 
Se of temperature, the 
action becomes weaker. 
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FIGURE 2.12 

Intermolecular attractions at a liquid 
surface occur only within the surface and 
below 


resultant attractive force acting downwards. (Fig. 2.12). These forces which tend 
to pull the surface molecules downwards are responsible for the surface tension. 
Itis designated by Y. The dimensions of surface tension are dynes/cm or érgs/cm? 
(numerically the values in both the units are equal). Hence the surface tension may 
be regarded as the force per unit length or energy per unit area of the surface of 
liquid. Table 2.2 gives the surface tension of some liquids at 20°С. 


Table 2.2 — Surface tension (dynes/cm or erg/cm?) at 20°C. 


Water Acetone. 


Ethyl alcohol à Benzene 


Chloroform Mercury 


This table shows that the surface tension of water is higher than most of the 


organic liquids because there are stronger intermolecular attraction in water 


(Hydrogen bonds). 


It is interesting to note that the surface tension tends to reduce the surface 
area of the liquids. For this reason, à freely falling drop of liquid is spherical (Fig. 
2.13), since sphere has the smallest ratio of surface area to volume. 


It is our common observation that a liquid always rises in a capillary tube . 
(fig. 2.14), the effect is referred to as the ‘capillary action’. Capillary 


in eee 
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FIGURE 2.13 NN 

A free-falling drop of water is nearly spherical. A 
droplet of wateron a waxed surface forms a "bead" 
as it attempts to become spherical. 


action of liquids is also due to their surface tension. The surface area to volume 
 ratioof acapillary of small bore is much smaller than the containerin which liquid 
is placed. A кшш 


FIGURE 2.14 
Capillary action 


Like viscosity, the surface tension of a liquid also decreases with the rise of 
temperature owing to the weakening of the inter molecular attractions. 


2.9 - VAPOUR PRESSURE 


Water slowly evaporates at room temperature, Gasoli ite 
ба ih sah . Gasoline evaporates qu! 
readily without boiling. A liquid that evaporates readily is said to be volatile. 
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If a quantity of a liquid is contained ina tightly covered container at a certain 
temperature, molecules will evaporate from the liquid surface into the enclosed 
space. Since these molecules move about above the liquid and can not escape, 
some of them will collide with the liquid surface and re-join it (condensation) Fig. 
2.15). As a result of the two Opposite processes-evaporation and condensation, a 


Sue LII 
set ‚ӨМ °+*% 
PED LM ОЯ 
. .. » 
^t stat ee е 
196 eet * ^.^ „** 


Figure 2.15. In an open container a liquid will evaporate 
away but in a closed container the rate of condensation 
becomes equal to the rate of evaporation, and the liquid- 
vapour system is in equilibrium. 


state of equilibrium is finally established. This equilibrium is marked by the 
attainment of a vapour pressure which is defined as the pressure exerted by the 
vapours when.they are in equilibrium with the liquid phase. lt is constant at 
constant temperature. The vapour pressure is independent of the amount of liquid 
present. For'example the vapour pressure of water at 20°C is 17.5 torr. 


The evaporation and the vapour pressure can be explained in terms of kinetic 
theory. Evaporation occurs when hi ghenergy of molecules atthe surface of liquid 
break’ away from their neighbours and escape into the gas phase. During 
evaporation, the escape of high energy molecules lowers the average kinetic 
energy of the remaining molecules, consequently the temperature of the remaining 
liquid falls down. Thus it is said that evaporation is a cooling process. 


н ШЦ Шш нь 
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2.10 - CHANGE OF STATE - BOILING 


e more molecules acquire increased kinetic 
the evaporation becomes more rapid. As a 
consequence, the vapour pressure of the liquid increases. For суре at 40°С 
the vapour pressure of water is 55.3 torr and at 95°C it is 634 torr. It is illustrated 
by the vapour pressure-temperature curve in fig. 2.1 6. When the vapour pressure 


‘When a liquid is heated, th 
energy and escape into the air and 


FIGURE 2.16 

The vapour pressure- 
temperature curve for 
water. 


of liquid equals the atmosphere pressure, the bubbles of vapour form easily and 
rise to the surface. The liquid is said to boil. Thus the boiling point of a liquid i 
the temperature at which the vapour pressure of the liquid equals the ошї 


pressure. When the outside pressure is the atmo : 
ili fnt Spheric rr), the 
boiling poirit is referred toas the normal boiling em пез даай 


а р um or "s varies with the outside pressure. In mountaino? 
| ; oint of water wil] реп 
pressure is below 760 torr. Thus in suc E is olor ege 
time to cook because of the low 


thé contrary, food cook more rapidly becay peratures, In the pressure cooker: of 


Se of the higher boiling тетрега!й® 
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2.31 SOLID STATE 

A solid state is that state of matter in which atoms, molecules or ions are 
held together by strong attractive forces. Due to strong attractive interatomic, 
molecular or ionic forces, the particles constituting the solid can not move, 
however, they possess some vibrational energy at even near absolute zero. 


Progress in science and technology leads to advancement in 
knowledge about solid state also. Hence we must endeavour to understand the nature 
and behaviour of solids. 

l- Behaviour of Solids 

Compared with the other two states of matter i.e. gases and liquids, the 
solids have highest degree of order. This orderlinzs accounts for many behaviour 
of solids. Some of these are: 

(i) Compressibility:- The compressibility of solids is nearly zero. In terms of 
kinetic theory, the particles of solids are so tightly bound together that only slight 
unfilled space is left, hence density of solids is cach higher than gases and 
liquids, so they can withstand considerable external stress. 

(ii) Deformity:— Solids.are deformed or shattered 
by. high pressure. This is because when some [ ' 
particles are dislocated the force of attraction is so [е 
strong that the rearranged atoms are held equally 

well to their new neighbours as shown in Fig.2.17. 

(iii) Diffusibility:- In terms of kinetic theory, (a) 

there is no translational movement of molecules in | 

solid, but nevertheless particles are vibrating at 
their mean positions. This vibrational motion is 
responsible for diffusion in solids. 

(iv) Melting:- Solids on heating melt at a particu- 


lar temperature. 


(b) 


Solid 
(a) Before deformity 
(b) After deformity 


In terms of kinetic theory when solids are 
heated vibrational energy of their particles in- 


creases; until at melting point some pue ns TUNE 
vibrating with sufficient energy to overcome ће 

forces holding them, hence they become mobile i.e. solids fuse. 
(v) Sublimation:— There are some solids substances, as camphor, iodine, solid 


СО», naphthalene etc. which change directly to vapour on heating without 
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passing through liquid phase. This phenomenon is called anon. In terms 
of kinetic theory, the inter-molecular force in such solids is less than ordinary 
solids, hence high-energy molecules at solid surface overcome the attractive 
forces and directly pass into vapours. 
2— Classification of solids:— Solids have been classified mainly as: 

G) Crystalline (ii) Amorphous 


| (i) Crystalline solids:— Crystalline solids have characteristic geometrical shape 
oe o oe ordered three dimensional arrangement of particles. They are 
unde ane surf : which i | 

iE yp u s called faces; which intersect each other at particular 


Particles are unable | 
tO arr quid : 
amorphous solid results; E ange themselyes in le is cooled rapidly, the 
- ^Xamples are: glass io fashion, hence an 
eS rubber etc 


m 
, уеп crystalline 


is m 
“еа ang cooled rapidly 
SIGURE.2.19 — 
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The difference between crystalline and amorphous solids is summarized 
below: 


Crystalline Solids | Amorphous Solids 


(i) Geometry 
Particles of crystalline solids Particles of amorphous solids 
are arranged in an orderly three di- | are not arranged ina definite pattern, 


mensional network called crystal lat- | hence they do nothavea definite shape. 
tice, hence they have definite shape. 


(Н) Melting point 


Crystalline solids have sharp Amorphous solids melt over a 
melting point, this is because attractive | wide range of temperature i.e. they do 
forces between particles are long range | not have sharp melting point, because 
and uniform. These forces breakdown the inter-molecular forces vary from 
at the same instant, at melting point. place to place. 


(ili) Cleavage and cleavage plane 


The breakage of a big crystal Amorphous solids do not break 
into smaller crystals of identical shape | down at fixed cleavage planes, 
is called cleavage. Crystals cleavage 3 
along particular direction, the plane 
which contains the direction of cleav- 
age is called cleavage plane. 


23, (A u.. 
Crystal before cleavage Crystal after cleavage 


Note; Smaller parts arc of samc 


FIGURE.2.20 зпароаз big сума], cot FIGURE.2.2] 
(iv) Anisotropy and isotropy 
Physical properties of crystals Amorphous solids are isotro- 


Such as electrical conductivity, refrac-| pic ie. their physical properties are 
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tive index, etc. are different in differ- | same in all directions. 
ent direction. This property is called 
anisotropy. For example graphite can 
conduct electricity parallel to its plane 
of layers but not perpendicular to 
plane. ES 
(v) Symmetry 


When crystalline solids are ro- Amorphous solids are notsym- 
tated about an axis, their appearance | metrical. 
does not change i.e. they possess sym- i 


metry. 


2.12 TYPES OF CRYSTALS 

Crystals are classified in the following four types: 

(i) Atomic crystals (ii) Ionic crystals (iii) Covalent crystals 

(iv) Molecular crystals — — | 

This classification is based on the nature of forces or bonding between thé 

atoms, ions or molecules constituting the crystal. 
(i) Atomic crystals:- Examples of such 
crystals are metals, hence they are also called 
metallic crystals. They consistof atoms packed 
and held together by metallic bond. 

In metals, the valence electrons move 
freely in cryStal lattice and are said to form an 
electron gas, in which positive ions are im- 
mersed. Such crystals are characterised by: 


(a) Lustre (b) High melting point (c) Electri- FIGURE:2.22 
NOUS mera condori (9) Malleability Two dimenstonalviewo'at™y 
(drawing into sheets) (e) Ductility (drawn crystals. Atoms vibrate at 


into wires). mean position. 


| f 
(ii) Ionic crystals:- Such crystals consist of positively and negatively a ; 
ions, held together by electrostatic forces of attraction. Individual 10S 
identity. They are characterised by; a 
(a) High melting point (b) Conduction of electricity in fused state; 4 " " 
solution form. (c) Brittleness and hardness (d) Indefinite growth of cryst 


A 
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it is broken or is stopped from growing. 


Two dimensional view of 
lons in ionic crystal. 


FIGURE.2.23 


Three dimensional view of 
ions packing in Na Cl 


FIGURE.2.24 


(ii) Covalent crystals:- Such crystals consist. of atoms held together by 
covalent bonds. Covalent bonds are very strong. They require large amount of 
energy to break them. Examples of covalent erystals are: graphite, diamond, 
silica and carborundum. 

In diamond each carbon atom is joined to four other carbon atoms at an · 
angle of 109°, called tetrahedral angle. Due to close packing of atoms and large 
number of covalent bonds, diamond is very hard and has high melting point. 

In graphite each carbon atom is joined to three other carbon atoms at an 
angle of 120°, forming layers of hexagons. Adjacent layers are held together by 
weak Vander waal's forces. Due to space between layers graphite is soft and as 
layers easily slide-over one another so graphite has greasy texture. Graphite 
conducts electricity in the plane of layers, as each carbon has one free electron. 
Covalent crystals are characterised by: 

(a) High melting point (b) Low density (c) High refractive index 


| 
| ^ lę vander waal's 
force of attraction 


b \ 


Space lattice of 
diamond 


FIGURE.2.25 


Space lattice of graphite 


FIGURE,2.26 
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(iv) Molecular crystals:— Such crystals are composed = bn Tuc x ice, 
Ip, CO,. The molecules are held together either by the : ae = 

(a) Hydrogen bonding (which is an electrostatic force 0 ES between 
partially positive hydrogen atom of one molecule and an electronegative atom 
of other molecules). 


(b) Weak Vander waal’s:forces (which arise due to attraction Са atomic 
nuclei of one molecule and electrons of other molecule). Such crystals are 
characterised by: 


(a) Low melting point (b) Non-conduction of heat and electricity. 


Unit cell of solid CO, 
Structure of ice i : 


Each water molecule is attached to four others 
through hydrogen bonding. 


FIGURE:2.27 | FIGURE:2.28 


2.13 ISOMORPHISM 


When two substances have same crystal 
structure, they are said to be isomorphous and 
phenomenon is called isomorphism. For example 
NaF and MgO both form cubic crystals hence are 
isomorphous. Other examples are: 

CaCO, апі NaNO, Trigonal crystals 
ZnSO, and NiSO, Orthorhombic 
Isomorphi b ES 
rphic substan ER 
properties: х ie RUNE 
(i) They have different physi 
properties. im АШ сезса 
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(ii) They have same empirical formula, 
Pairs Ratio in atoms 
NaF and MgO i 1:1 
NaNO, and CaCO, 1:1:3 
ZnSO, and NiSO, 1:1:4 


(iii) When their solutions are mixed, they form mixed crystals. 
(iv) They show property of over growth; i.e. if crystal of one substance 1s 


suspended in saturated solution of other Substance, the crystals of latter begin to 
Brow over the former in similar pattern. 


2.14 POLYMORPHISM 

А substance under different conditions 
can form more than one type of crystal. 

The substance which can exist in more 
than one crystalline form is called Polymorphous 
and the phenomenon is known as Polymorphism. 
For example CaCO exists in nature in two crys- 
talline form (i) Calcite, which is trigonal (ii) Ara- 
gonite, which is orthorhombic 


FIGURE:2.30 Orthorhombic crystal 


FIGURE:2.30 
UNIT CELL: A crystal is formed by a large 


number of repetition of basic pattern of atoms, 
ions or molecules in space. 

The basic structural unit which when 
repeated in three dimensions generates the crys- 
tal structure is called a unit cell, 

A unit cell has-a definite geometric 
shape and hence is identified on the basis of (i) 
Length of its edges, denoted by letters, a, band 
C. (ii) Angle between the edges, represented by 
letters, œ, B and v. 

The length and angles of a unit cell are 
collectively known as Cell Dimensions or Cell Parameters of a unit cell, 
Parameters. 


^ 


FIGURE:2.31 
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Space or crystal lattice:— If atoms, 1005 OT go 
ecules constituting a crystal are replaced by m 

and placed at the same places as In à шщ cell, en 
the three dimensional array of points !5 called 


crystal lattice or space lattice. ae 
All points in a crystal lattice have same J4 ЛГ | 

environment and can not be distinguished from ii PH 

each other. Three dimensional lattice with a uni P 


2 
cell is shown in the diagram. Ec 5 jg 


The crystal systems:—Based on the difference in 
shapes and dimensions of unit cells, all the known 
crystals have been classified into seven groups 


called crystal systems. The seven crystal systems 
are as follows: 


Crystal lattice 
„with a unit cell 


FIGURE:2.32 


(i) Cubic system:- In cubic system; àll axes are of equal length and all as 

are of 90? i.e. 
'"asbzc.Co 

| a = B=y=90° 

Examples: NaCl, ZnS and diamond. XN 

(ii) Tetragonal system:- It has two axes of equal length, the third is di 

All angles are of 90° i.e. 


a-bsce 
= б = B = ү. = 909 
xamples: SnO, (white), BaSO, .4H,O 


} T 
Tetragonal unit ај 
FIGURE” 


Р aq art 
= In this svste ree axe? 
es are of 90°; System, all thre 


1e, 
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asbsc 
за pw y 907 
Examples are: FeSO, 7H,O, ZnSO, 7Н,О, KNO, 


Orthorhombic unit cell 


FIGURE:2.35 


(iv) Trigonal or rhombohedral system:- Ithas three axes of equal length. АП 
angles are equal but more than 90° and less Шап 120? i.e. 

azbzc 

a = В = y +90° . 
(Angles >90°<120°) 
Examples: Calcite, KNO;, AgNO; , and ice. 


Е FIGURE:2.38 
Rhombohedral unit cell 


— In this system, two axes аге of equal length, but the 


system: - ; 
(v) Hexagonal syste les are of 90° and third is of 120° i.e. 


third is different. Two ang 
а= bsc 
a = p = 90? 
y= 120° 


EEE 
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Examples: Graphite, snowflakes and quartz (SiO, ) 


FIGURE:2.37 


(vi) Mono clinic system:- It has all three axes of unequal lengths. One of the 
axis is at right angle to the other two i.e. 

ат б #с 

& = y = 90° 

В 90? | 
Examples: CuSO, 5H,O, Na,CO, 10H,O, cane sugar. 


J FIGURE:2.38 


(vii) Triclinic system: In thi l 
Хо different 15 System all axes are of different lengths and angles 
a*bsc 
_ &#B*y 290° 


Examples: CuSO, . 5H,0, K,Cr,0 
7 


FIGURE:2 39. 


Triclinic unit cell Crystal 
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2.15 CHANGE OF STATE (MELTING OR FUSION) 
(i) The melting point:- When a pure crystalline solid is heated, a temperature 
is reached where it changes sharply into liquid. This is melting point of solid. 
Melting point is defined as that temperature at which there is equilibrium 
between solid and liquid phases. . : 

Melting point is affected by: (а) Impurity:- Pure substances have sharp 
melting point. Moreover impurities lower the melting point. Hence melting point 

is used as criteria of purity of solids. | 

_ (b) Pressure:- Those substances which expand on melting, have a rise in 
melting point when pressure is increased. 

Melting point of ice decreases on applying pressure because ice is the 
solid whose volume decreases on melting. 
(ii) The latent heat of fusion:—Itis defined as the heat energy required to change 
1 g of a solid into liquid at its melting point. | 
| Even though heat is being supplied during melting but temperature 
remains constant because all of the energy is used up by the molecules to 
over come the intermolecular forces. 


цию EEE 
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PROGRESS TEST 2 


L. Interms of the atoms, ions, and molecules that comprise substances, why are 
some materials solids, some liquids and still others gases at 25°C? 


2. The process of diffusion occurs most rapidly in gases, less rapidly in liquids 
and very slowly in solids. Why? 

3. Why does water spilled on a floor evaporate more rapidly than the same 
amount of water in a glass? | 

4. Would a pressure cooker be of any value on the Mount Everest? - 

3: | 


No liquid ioni 
Re red. are known, but many of the known covalent 
€ liquids and some are gases. Account for these differences. 


б. What is kinetic theo 
Ty and how does i - А 
of gases, liquids and solids” Оез И account for the following properties 


(0 Diffusibility Gi) Compression (iii) Expansion 


40 dm! volume of a 


l. | 
of 900 tórr was od peered at a temperature of 27°C and a pressit 
mass of the gas [Hint: C] ave mass 2.273 р. Calculate the molecula! 


molecular mass] (33,72 ыл by the formula PV=nRT and the! 


8.. А 12.5 dr? vessel contains 4.0 g CH 
pressure in the vessel at 0'C? 
(Hint: Find out the total mole 


«e thé 
e 1.8 g N, and 10.0g X ,. What® ; 
(0.698 atm) Ans, ЁТ) 


- f diffusi : " 
(i) Н, and D, (ii) CH Оп of the following pairs of gases”. 4) 
(i) 15/1, Ans,” * “4 He Gii) SF, and 50, (0) 1415 © 
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State the following gas laws and explain in terms of Kinetic theory. 
(а) Boyle's law(b) Charles's law (c) Dalton's law of partial pressure. 


Define the following xi) Melting point (ii) Boiling point (iii) Diffusion 
(iv) Latent heat of fusion. | 


Four containers of equal volume are filled as follows: 
(i) 2.0g H, at O°C (ii) 1.0g H, at 273°C (iii) 24 g O. at 0° 
(iv) 16 g CH, at 273°C, E ос 


Which container (а) is at the greatest pressure (b) is at the lowest pressure 
[а = (iv) b = (iii)] Ans. : 


Explain the relationship between intermolecular attractions and the kinetic 
energy of molecules in determining the physical state of a substance. 


Describe gases, liquids and solids on a molecular basis and explain their 


behaviour and change of state. 


. Co-relate the energy changes accompanying changes of state. 


. Explain tn terms of kinetic molecular model: 


(a) Why liquids and solids cannot be compressed as gases can? 
(b) Why solids do not flow as liquids and gases do? 
(c) Why foodiscooked more quickly ina pressure cooker than in acovered 


pot? 

Explain(i) Viscosity (ii) Surface tension (iii) Vapour pressure. 

What are crystalline and amorphous solids ? Explain different 
Crystal systems. 

State and saith Avogadro's law. How it helps in determining relative 


molecular mass? 


What are solids? Describe Atomic, Ionic and Molecular solids. 


„Шш eee 
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Explain the following: 

(i) А falling drop of a liquid is spherical. - 

(i) ^ A drop of ink spreads on a blotting paper. 

(iii) ^ Evaporation is a cooling process. 

(iv) Boiling point of a liquid remains constant although heat is 
continuously supplied to the liquid. 


(v) Нопеу is more viscous than water. 


(vi) Mercury has its meniscus upward. 


40 dm? of hydrogen gas was collected over water at 831 torr Hg pressure 

at 23°C. What would be the volume of dry hydrogen gas at standard 

conditions ? The vapour pressure of water at 23°C is 21 torr of Hg. 
(Ans :- 39.23 dm? ). 

ax is the density of methane gas (CH) at 127°C and 3.50 atmo- 

sphere. 


T9) density = = 1.70 р/ dm? ). 
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CHAPTER - 9 


THE ATOMIC STRUCTURE 


INTRODUCTION 


The theory that matter was made from small indivisible particles called 
atoms dates back to some five centuries B.C. to Democritos and acentury B.C to 
a Roman Poet Leukiphos. This theory was putona sound scientific basis by John 
Dalton in 1808. 


Today it is well established that atoms are complex organizations of matter 
and energy. Many particles have been discovered within the atom. These sub- 
atomic particles include electron, proton, neutron, positron, neutrino and several 
types of mesons and hyprons etc. Since electrons, protons and neutrons in 
atom play a major role in determining the chemical and physical properties 
of matter, we will, therefore, restrict ourselves to the study of these particles. 


Evidence for the presence of electrons, protons and neutrons in the atom is 
derived through many experiments Such as: 


(i) Faraday's experiment indicates the existence of electrons. 
(ii) Crooke's tube experiments show the presence of electron and protons in the 


atoms. 
(iii) Radioactivity further confirms the presence of electrons and protons. 
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(iv) Chadwick experiment shows the presence of neutrons. 
(V) Spectroscopic experiments reveal the electronic structure of atoms. These 
are discussed one by one. 


3.1 FARADAY'S EXPERIMENT - Passage of Electricity through solutions 


Clue about Electrons: We first consider the passage of electricity through 
chemical solutions called electrolytes. Earlier Davy had noticed that electric 
charges appear when solutions decompose by the passage of an electric current. 
Later this phenomenon was studied in greater details by Faraday. 


Faraday observed that, when two metal plates called electrodes, are placed 
in an electrolytic solution and an electric current is passed, the solution breaks up 
into charged particles called ions. There are positive ions and negative ions, 
depending upon the type of charge they carry. These ions travel to the oppositely 
charged electrodes, give up their charge and are liberated as neutral particles. He 
also determined the charges carried by different ions and also the amount of 
different elements liberated from the electrolytic solution when a given amount 
of charge passes through different electrolytic solutions. What is of interest here, 
is that there is some elementary unit of electric charge associated with these ions 


чы can be calculated. The ions Were observed to сату some integral multiple of this 
charge. The basicunit ofelectrie charge was laternamed by Stoney (1891), as “ELECTRON”. 


3.2 CROOKES'S TUBE OR DISCHARGE TUBE EXPERI 
MENTS—Passage of electricity through gases at low pressure 

Discovery of Electrons an 
do not conduct electricity, 


passage of electricity thro 
Heinrich Geissler, This 


d Protons : We know 


mes avery high voltage is applied, The work on the 
JB gases was initiated by a German instrument make! 
work was later extended by W, CROOKES 


that air or gases normally 


‚ there would be no discharge, an NS ue 
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and fewer molecules inside make it convenient for the Spark to pass. 


When the pressure inside the tube is reduced to 
potential difference of a few thousand volts would be eno 
like a flash of lightening (Fig: 3.1) At further reducing 


a centimetre of Hg, a 
ugh for the spark to pass 
pressure to about a few 


atone (5) 5626 Anode (4) 


High Voltage Source 


FIGURE 3.1 
Gas discharge tube. The gas is seen to glow in the region between the electrodes 


m.m of Hg, the spark disappears, the two electrodes are seen to glow and the rest 
ofthe discharge stream is dark. At about one m.m. of Hg, the tube is mostly filled 
with a glow extending from the positive electrode and is called positive column. 
The colour of this glow depends upon the gas filled in the tube. As the pressure 
is contínuously lowered, beautiful phenomena are seen. When the pressure inside 
the tube is lowered to about 0.001 m.m of Hg, the glow disappears and the walls 
of the glass tube begin to glow with a brilliant green light (Fig. 3.2) 


lt is obvious that some sort of radiation is passing between the two 

rodes. This radiation consisted of a vast swarm of particles emitted by the 

cathode and were called Cathode Rays. Various experiments were thus performed 
Y various researchers like Hertz, Lenard, Gold stein, Perrin and J.J. Thomson to 
zn mine the properties of these cathode rays. | 


elect 


im. 
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Cathode (-) 


High Voltage Source 


FIGURE : 3.2 
Gas discharge tube. At sufficiently low gas pressures; the glass wall opposite the 


cathode glows. 


Anode (4) 


FIGURE : 3.3 ) 
Cathode гау tube. а, 
object іп the beam of the 
High Voltage Source cathode rays casts Ils 
shadow. 
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The cathode rays were seen to possess the following properties: 


|. The rays travel in straight lines, as they produce sharp shadows of objects 
placed in their path. 


2. The rays emerge normally from the cathode and сап be focused by using 
a concave cathode. 


3. The rays penetrate small thicknesses of matter, like aluminium or gold foil 
without producing any perforations in the foils. : 


4. The cathode rays are easily deflected by a magnetic field, which can be 
shown by bringing a magnet close to them. . 


FIGURE 3.4 
The behaviour of the negatively charged 
electron in a magnetic field. 


5. The rays carry a negative charge. 
6. Тһе rays can also be easily deflected by an electrostatic field. 


7. The‘rays can exert mechanical pressure, showing they possess kinetic 
` energy. 


$. The rays were seen neither to depend upon the material of which the 
electrodes were made nor upon'the gas which is filled in the tube. 


9. These rays consist of particles now called Electrons carrying a fixed unit of 
Charge and a fixed mass. 
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Different discharge tubes with different electrodes and residual gases were 
tried by a number of workers besides Thomson. All the experiments gave the 
same value for charge to mass ratio (e/m). This shows that electrons could be 
produced from any kind of matter and hence perhaps were constituent of 
all matter. 


3.3 POSITIVE RAYS - Protons 


During the study of the passage of electricity through gases at low pressure, 
it was observed by Goldstein that if thin holes are made in the-cathode, then some 
radiations appear behind the cathode (Fig. 3.5). These rays were found to be 
positively charged and hence called positive rays. It was found that these rays 

censist of atoms and ions of the various gases present im the discharge tube. 
They carry positive charges which are either equal to or some integral multiple 
of the electronic charge 'e'. 


Perforated cathode 


High Voltage Source 


FIGURE 3.5 


Cathode ray tube with a perforatod j 


72 Тула discovered that positive rays, unlike cathode rays, have values 
of e/m ependent on the gas present in the Crookes's tube, The lightes! 
particle found, was that from hydrogen. This particle, Which has a mass 
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1836 times that of the electron is now known as proton (Greek, "first"). 


34 RADIOACTIVITY - Confirmation of Electrons and Protons 


It was thought that the electrons are emitted by atoms of various substances. 
When they are subjected to an external field or heated to high temperatures then 
a new phenomenon was observed. A new mineral pitchblende was found to 
produce a clear image of itself even when the photographic plate was wrapped in 
a thick black paper and there was no light. Henry Becqueral repeated his 
experiments under different conditions and found that only when the mineral 
pitchblende was wrapped in lead sheet, the radiation coming out of it could be 
stopped. The pitchblende could be heated or cooled, it might be compressed or 
made into thin sheet. Ail these changes had no effect on the radiations that were 
coming out of this mineral. This emission of charge went on at a uniform rate. 
Later it was found that most of the radiation given out by pitchblende were 
electrons. 


Pierrie Curie and Marie Curie after great labour isolated a new element: 
Radium from the mineral. This element radium was found to be extremely active 
in giving out invisible radiations. This phenomenon in which certain elements 

emit invisible radiation is called radioactivity and the elements which give out `- 
these radiations are called radioactive elements. Most of the elements after lead 
in the periodic table are naturally radioactive. | 


The radiation emitted by radium was subjected to a magnetic field 
prependicular to the direction of emission. If the magnetic field was.strong 
enough, the radiations emitted were found to split up into three different streams 
of rays, which were labelled а, B and y- rays. 


The arrays were found to carry positive charge and the B-rays a negative 
charge. The third, the y-rays, remained undeflected no matter how strong was 
the magnetic field and hence were considered to be uncharged. The y-rays were 

. found to be extremely penetrating and hence identified with x-rays. 


An elementafter giving outradiations breaks down toa more stable element. 
For example 28 0) on emission of & - particles would be converted to it 
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Photographic 


FIGURE 3.6 
Rays given off.by a radioactive material 
агр separated in a magnetic field. The 
negatively charged Вѓауѕ are deflected in 
one direction, the positively charged «C 
pe NG hl 
e uncharged y. rays are not 
deflected. еј 


238 234 
90 MESA goth + * He 
a - Particle 


The emission of radiation would ^ й А 
stable end prodüct. continue until the formation of lead as 


Properties of these radiations are summarized below : 


1. a-raysare fast moving helium nuclei. They ionize air i.e. they knock ош 
electrons from other atoms. They produce bright flashes on fluorescent 
screenand have a very small range (1-2 ст) іп air, before they are completely 
stopped. 


2. В-гауз are fast moving electrons with a range of (1-2 m) in aj ass 
through small thickness of matter. )in air and can p 
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3. rays are very penetrating. These are short wave electro-magnetic 
radiations like x-rays, only that these are much more penetrating. These rays will 
pass through (15-20 cm) of lead. On passing through matter, y-rays would eject 
high speed electrons from the matter, 


The evidence of radioactivity shows that the atom is not an indivisible 


particle. If it can emit electrons and helium nuclei, it must have a sub structure of 
its own. 


3.5 CHADWICK EXPERIMENT — Discovery of Neutron 


Chadwick investigated the effect of the radiation on other elements both in 
the solid and in the gaseous form. During his studies with beryllium, Chadwick 
found that very penetrating radiations were given out. when beryllium was 
bombarded with a - particles. Chadwick put forward the suggestion that these 
penetrating radiations were due to material particles with mass comparable with 
that of an atom of hydrogen but carrying no charge. These particles were called 
neutrons. The-neutrons must have come out from atoms on disintegration of the 
bombarded element. This is indicated by the equation. 


«Ве? + Het — (C! 4 п! 


We have so far seen three particles which come out of atoms on their 
disintegration and these are: 


(a) Electrons, which carry a negative charge of 4.803 x 10- esu 
= 1.602 x 10-? coulombs with e/m = 1.758 x 10* C/g 
and m, = 9,115 x 10?! Kg = 0.000550 amu. 


(b) Proton carries a positive charge equal to that of an electron 
m, = 1.008 amu 


(с) Neutron carries no charge but has a mass m, = 1.009 amu 
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3.6 SPECTROSCOPIC EXPERIMENTS — Spectroscopy 
Electronic Structure of Atom: 


Once the presence of fundamental particles was established, the next 
question concemed the electronic structure of atom. This objective was mainly 
achieved through spectroscopic experiments which investigatethe electrome gnetic 
radiation emitted or absorbed by the substances. At this point, itis appropriate tc 
describe briefly the Planck's Quantum Theory which had tremendous impact on 
the development of the theory of structure of atom. 


37 PLANCK'S QUANTUM THEORY - Quantization of Energy 


This theory was proposed in 1900 by the German physicist Max Planck to 
account for the observed radiations from heated bodies: 


Max Planck suggested that the energy could not be absorbed or emitted by 
the atoms in any arbitrary quantity, but only in specified amounts called quanta. 
Thatis to say, an atom cannot change its energy continuously but only by a series 
of steps. The amount of energy depends upon the frequency ( v ) of radiation 
absorbed or emitted. It is given by relation: 


E= h v where h 2 Planck's constant (6.625 x 10^ J.S. 
= 6.625 x 10” erg. S) 


The main. consequence of Planck's quantum theory is that the amount of 


energy gained or lost is quantized i.e., energy change occurs in small packets ! 
multiple.of those packets, hv, 2h v, 3hv and so on. 


3.8 SPECTRA 


Our knowledge of the way in which electrons are distributed in atoms com? 
largely from the evidence of spectra. | 


When an element absorbs sufficient energy, for example, from a flame o d 
electric arc, itemits radiant energy, When this radiation is passed through a pr^" 
in a spectroscope, it is separated into component wave lengths to form an imag? 


A 
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called an Emission spectrum. Emission spectra are of two types, continuous and 
line spectrum. 


Continuous Spectrum: When white light from sun or any incandescent lampis 


allowed to pass through a prism, the light is not only deviated, but also breaks up 
into its constituent colours, a phenomenon called dispersion. The band of colours 
into which the incident light breaks up is called spectrum. 


FIGURE 3.7 
Continuous spectrum. 


The white light gives a continuous band of colours. Оп one end the least 
deviated is red and at the otherend is violet which suffers the maximum deviation. 
The colours of the spectrum are so mixed up that there is no line of demarcation 
between different colours. Such spectrum is called continuous spectrum. It is 
Elven not only by sunlight but also by the light from any hot solid or liquid body. ` 
The colour of light depends on its wave length. Violet has the shortest wave 
length (about 4000A), and red light the longest (about 7000 A). Light ofa single 
wave length is called monochromatic. 


Line Spectrum : A different kind of spectrum may be obtained when light 
emitted from a gas source passes through a prism. In order to emit light, the gas 
Must be excited in some way. À common; way of doing this is to pass an electric 
Current through the gas at low pressure (Crookes's tube experiment). The neon 
lights used in advertisement make use of this method for producing light and so 
ee vapour street lights. If the light from the discharge tube is allowed to 
е гоша} a prism, some discrete sharp lines on an otherwise 
bh dark back ground are obtained. Such spectrumiscalled line spectrum. 
iN€ Corresponds to a definite wave length. 
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Gas discharge 
tube 


FIGURE 3.8 ; j 
Dispersion of the light emitted in a gas discharge tube into a line spectrum. 


On analysis of the sodium vapour light through a prism, it is found 
that the spectrum consists of a series of lines. The dominant lines in this 
area are the two yellow lines which give sodium vapour lamps their char- 
acteristic colour. Each element produces a characteristic set of lines, 50 
line spectra came іо SETVE as "finger prints" for the identification of ele- 
ments. 

The facts are‘that (1) samples of the same element always emit the same 
wave lengths of radiation and (2) under the right conditions only certain wave 
lengths are emitted by any one element. This leads to the belief that electrons = 
arranged around the nucleus in definite energy levels, E, and when they 
excited they go to definite excited levels E,. This means that the difference ү s 
energy of electrons, E, - E, is same for a given transition and this exp fs 
the fact that the energies emitted by a given excited element always have thes 
wave lengths. 


- $ 
39 RUTHERFORD'S MODEL ОЕ AN АТОМ - Evidence for Nucle? 
and Arrangement of Particles. 


of 
Though the nature of the proton was well established by 1900, the role " 
this positive particle in the structure of atom was uncertain. A clue to 


4 
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arrangement of positive and negative particles within atoms was firially provided 
by the experiments of Rutherford. 


Rutherford and his co-workers:performed several experiments on the 
scattering of Q-particles by thin films. In one of such experiments a-par- 
ticles emitted from polonium bombarded on thin gold foil, it was found 
that most of the o-particles penetrated the foil and emerged undeflected on the 
other side. However, one particle in 8000 suffered a deflection greater than 90° 
and remerged on the same side. A number of particles suffered deflections of 
varying degrees. 


beam of 


alpha particles 


low deflected 

FIGURE 3.9 
Rutherford's interpretation 
of the scattering of alpha 

gold foil particles by a gold foil. The 
dots on the right represent 
the nuclei of the gold 
atoms greatly magnified 
relative to the sizes of the 
atoms. 


To explain this scattering of о-гауѕ, Rutherford made some basic 
assumptions; 
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(a) The mass of the atom is concentrated in its nucleus, the dimensions of 
which are negligible in comparison with the radius of the atom. 


(b) The nucleus carries a positive charge, + Ze 


(c) There must be ‘z’ number of negatively charged electrons outside the nucleus 
and at fairly large distances, arranged in some manner. 


(d) The greater part of the atomic volume comprises of empty space in which the 
electrons revolve and spin. 


On these assumptions, Rutherford derived an expression, giving the number 
of particles which were deflected through a particular angle. 


Chadwick devised experiments to verify these assumptions which were 
found to be 'Valid'. Another interesting feature was that in the positive charge Ze 
on the nucleus Z was found to be nearly half the atomic mass. 


Weaknesses of Rutherford's Theory : 


According to classical theory, any charged particle if accelerated, must emit 
energy. If the revolving electron emits energy, its energy contents would 
decrease and the radius of the orbit would become smaller. This would go on till 
the electron falls into the nucleus, charting a spiral path. In actual practice this 
does not happen. In this respect it is necessary to note that electrons lose energy 
in the form of radiations. An electron moving through orbitals of ever decreasing 
radii would give rise to radiations of all possible frequencies. In other words, i! 
would given rise to a continuous spectrum. In actual practice, atom gives 
discontinuous spectrum. Thus according to classical principles of physics, the 
Rutherford model of the atom could not exist. 


3.10 X-RAYS AND ATOMIC NUMBER 


W. Roentgen in 1895 found that a photographic plate he developed had bee" 
struck by invisible radiation coming from a cathode ray tube (Crookes's tube 
expt.). These previously unknown rays were labelled X-rays. These rays 2 


3 
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some times known as Roentgen rays (after the discoverer). These rays had the 
ability to penetrate paper, rubber, glass, metal and human flesh. X-rays were 
soon identified as short wave, high energy electromagnetic radiation. They 


were put to medical uses immediately. 


The X-rays arise from the anode of the Crookes's tube experiment as it is 
struck by the fast moving electrohs from the cathode. X-rays have played a vital 
part in the determination of structure at subatomic levels. 


(7) 


FIGURE 3.10 
Ап X-ray tube. 


Henry Moseley working in Rutherford's laboratory in 1911 studied the 
different wave lengths of X-rays produced from anodes of different metals. He 
noticed that the wave lengths of the X-rays emitted decreased regularly with . 
increasing atomic mass. On careful examination of his data, Moseley found that 
the number of positive charges on the nucleus increases from atom to atom by 
Single electronic unit. He called the number of positive charges the atomic 
number. Thus atomic number of an element is the number of protons present in 
h nucleus. For the first time, it became apparent that what distinguishes one 
D from another is not the atomic mass, but the nuclear charge, that is, the 

mic number, It is denoted by 'Z’. 


Itis worth mentioning here that Rutherford's theory of the nuclear atom was 


Su 
PPorted by the Moseley's experiment. 
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We now have a picture of the atom which can be summarized: 


(а) Theatomconsists of a small, dense, positively charged nucleus, containing 
protons, 


(b) The nucleus is surrounded by a number of electrons equal to the number of 
protons in the nucleus. 


(c) Theatomic number 'Z: of an atom is equal to the number of protons in the 
nucleus and therefore, also equal to the number of electrons surrounding the 
nucleus. 


(d) The masses of the fundamental particles on the C"? scale are: 
Proton, 1.008 a.m.u, Neutron, 1.009 a.m.u, Electron, 0.00055 a.m.u. 
3.11 BOHR'S THEORY 


Inorder to improve the Rutherford's model and to explain the line spectra of 
elements, Niels Bohr (1885-1962) a Danish physicist working in Rutherfords 
laboratory proposed a theory for the electronic structure of an atom in 1913. 


Bohr assumed that on the basis of the quantum theory, there exists the 
possibility that electron in certain orbits may not give outradiation and an electron 
revolving in any one of such orbits would be completely stable. Such orbits were 
called ‘Stationary states." Bohr envisioned the stationary states as circular orbits 
around the nucleus. He considered that an electron in a certain orbit has 4 сепа? 
energy and aslongasitkeeps revolving in that orbit, it neither absorbs norradiates 
energy. If the electron absorbs energy equal to the energy diff erence between! С 
two orbits, the electron is excited, i.e. it jumps to higher energy state. If jt fall 
back to lower level, it must emit energy equal to the energy difference betwee 
the two orbits. (Fig: 3.11). If this energy is absorbed or emitted as light, 4 sing 
photon (quantum) of absorbed or. emitted light must account for the requir’ 


energy differences, so that 


һо= ДЕ 
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Where AE is the difference between the energies of the final and initial 


orbits, h'= Planck's constant (6.625 x 107^ J.S.) which has the dimensions of 
energy X time. 


< em <=» dum e cm em oo 


FIGURE 3.11 N 
Excitation of electrons from low energy levels to higher energy levels is a process that requires 
energy. When electrons fall from the excited levels, e.g., E, E, or E, radiant energy is given 
off, possibly as visible light. 


/ 


__ Bohrassumed that all the transitions thatelectrons make between two orbits, 
yield a single unique spectral line. 


_Bohr further assumed that the stationary states were only those orbits in 
Which the product momentum (mv) x circumference (2 т г), sometimes called 


the action’, was equal to the Planck's constant 'h' or some integral multiple of 'h' 
therefore for the first possible orbit. 


momentum x circumference = h 
MV х2дг = һ 


Or 
for any other orbit, 


mvx2mr = nh 


O нЕ 
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Where 'n' was a simple integer, n = 1 for first orbit, n = 2 for the second and so 
on. 


This equation could be re-written as, 


nh 
түг = — 
2n 
Here ‘туг becomes the angular momentum of the electron. Thus Bohr's first 
condition defining the stationary states could be stated as, 


"Only those orbits were possible in which the angular momentum of the 
electrons would be an integral multiple of h/2n". These stationary states 
. correspond to energy levels in the atom. 


. 3.12 BOHR'S THEORY AND HYDROGEN ATOM 


The truth of the basic assumptions of Bohr was established when applied to 
hydrogen atom. The hydrogen atom consists of a single electron revolving around 
a single positively charged nucleus, each of which would behave as a point 
charge, and hence exact calculations of the stationary orbits can be made. Let € 

be the charge, m mass of electron, 'Ze' the positive charge on the nucleus, T 
the radius of the orbitin which electron is moving with a velocity 'V' 


If we equate the centrifugal force, mv?/r to the centripetal force which is du? 
to the attraction between the electrons and the nucleus. 


FIGURE 3.12 

The Bohr model for the hydrogen atom 
An electron of mass m moves with velocity 
vin an orbit with radius г from the nucleus: 


Nucleus 


A 
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nh 

mr= — 

2 7 2t 

nh 

ү ede 
2m mr 


Substituting the value of 'v' in the above equation, we get 


2 
m e ) Ze 
г \2nmr/ ~ p 


n? h? 


4n? m Ze? 


1 
1 


60). 


This equation gives the radii of all the possible stationary States. All the 
Suantities on the right hand side of the equation are known and if we substitute 
<1 for hydrogen atom, n = 1 for the first orbit. 


If we put the values of the constants, 


h= 6.625 x 107! erg, sec. (or 6.625 x 10% J.S; which is the S.I. unit). 
7.79.11 x 10722 g (or 9.11 x 10?' Kg which is the S.I. unit). 
*7 4.802 x 10-! esu (or 1.602 x 10°C which is the S.I. unit). 


We get, r= 0,529 x 10% cm (10* cm =1А) 
^ 17:0,529A 


We 7 0.529 А as the radius of the first stationary state for the hydrogen atom, 
also Write the equation 2 for the radius as 


SS eee 
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h? 
г=п? | \- n'a, .....(3) 
4д2т2е? 


For the first orbit n = 1 and r = 0.529À. This is the value of the terms in the 
bracket sometimes written as а, called Bohr's radius. For the second, third and 
so on orbitals, we would take n = 2, 3.... 


Thus we see that the radii of the orbits are proportional to the squares of the 
first natural numbers. To test the validity of these values, the spectrum of the 
hydrogen atom offers the best example. 


3.13 DETERMINATION OF ENERGY 


The single electron of hydrogen atom with mass ‘m’ revolves around the 


› 


nucleus, its kinetic energy is given by the expression > mv?, ‘v’ being the 


velocity of electron in circular motion. The potential energy possessed due to the 

position of isolated electron from the nucleus at a distance ‘r’ is given by the 
n ZR 

expression V S energy of electron at infinity being zero) Fig: 3.12. 


E, the total energy is given by: 
luto Ze? 
E = — пу“ – — — 
21 Do Ыы 4) 
From equation (1) we have 


2 


mv^ Ze 2 
"nios EE mv? = Z8. 
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Substituting the value of mv?in equation (4) we get, 
= 1 Ze? ze 
ZIP r 
Ze? 
ve E урт ———————5) 

Substituting the value of r = П, |; ; В 

:bstituting the value of г = А : tion (5), 

: B 47 mze) rom equation ( ous equa | 


we get, 


Ze? 


-2z?^mZ?e* 
нат га зы сд 
2 n 
4z mZe* 


This is the expression of energy of an electron in any orbit. 
Expression for frequency and wave number: | 


- Energy of anelectron in a lower orbit (riy) and higher orbit (n4) can be 
expressed as follows: 


and E; - nh 


When an atom or gas is electrically heated, its electrons jump to higher 


orbi is state, itis said to be excited. к 
z nios hos state is unstable. Electron has to come back to original 


ground level Dy radiating energy equal to the difference of energies of theexcited 


and ground state. Then : 
Energy emitted AE = Е-Е = hu 


 Qn*mZ?e* 55 
E2- E; M T nh? i njh 
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Rearranging | 
p. 2n%mZ2e4 2л2п22е* 
| 252 n3h- 
2x^mZ^e^(1 1 
or Е, — Е, = h? E Lj (7) 
. According to Bohr's postulate 
Е, = E, = hv 
_ 2n?mZe* KOI 
һ? ns nj 


This is the expression for frequency of emitted wave or photons therein. 


Now v —CU where 0 is called wave number and is defined a5 numb 
of waves per unit distance. 


or 
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Where Ry is called Rydberg constant. Its value is 109678 ст”! 


0T l 
LA D = RIZS ODA — — — — A = == = + 
nj ng 


This is the expression for wave number. Where for hydrogen Z=1. 


314 HYDROGEN SPECTRUM : 


Historical background:- It is well known that when a gas is heated in a 
discharge tube at low pressure, it emits radiation. Balmer in 1885, studied the 
spectrum of hydrogen gas. He found a series of lines in visible region (i.e, having 


A between 4000 to 7000 A^). They were called Balmer series. He proposed an 
empirical formula to find wave number Uv of each line. 


= 1354 


Ry is called Rydberg constant where п,=3,4,5,6,----еїс. 


Lyman later on discovered another series in ultraviolet region. Wave number of 
each line was found by a formula similar to that given by Balmer. 


Paschen discovered an other such series in infrared region. 0 of each line was 
given by: | 


ШИШЕ о UD ED eee 
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Brackett found another series infar-infrared region. 
Pfund also found another series infar-infrared region. 
General expression:— A general expression can give wave number of each line 


. Ofeach series. It is: 


-b 
р 


Where n, is fixed for each series. n, keeps 
increasing (value of Ry = 109678 стг!) 


BOHR'S THEORY AND HYDROGEN SPECTRUM 


Bohr's theory success lies in the fact that it 
reason for the formation of hydro 


ordinary temperature, 


provided logical proof and 
Ben spectrum. According to Bohr's theory, “At 
the electron in hydrogen atom resides in lowest energy 
level i.e. first orbit or ground state. When electrically it is heated at low pressure 


in a discharge tube, the electrons of different hydrogen atoms absorb different 
amount of energy and jum 


A p to an appropriate hi now 
said to be in excited state. Ppropriate high energy level. They are 


All the atoms in excited state, due to their high table. S0 
now th , 0 their high energy, are uns 


e electrons jump back to the origi A оше 
level o rigtnal first orbit directly or to some 


f lower energy. In doing so they emi i d 
: y emit energy equal to the difference 
energies of two levels, These energetic waves are separated by a prism according 
to their wavelength and thus hydrogen spectrum is obtained, 
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3.15 HEISENBERG'S UNCERTAINTY PRINCIPLE 


An electron in Bohr's theory was considered to be a particle whose 
momentum and the path along which it moved was known precisely. Electron 
also behaves as a wave, according to de Borglie concept. Thus dual nature of 
an electron makes the concept of the circular orbits unclear and meaningless. 


Heisenberg in 1925 enunciated a principle known after him and called 
Heisenberg's Uncertainty principle. According to this principle, it was not 
possible to determine simultaneously the position and momentum of a moving 
particle. If one was known exactly, it would be impossible to know the other 


exactly. It would therefore be impossible to chase an electron around its path or 
to locate it: 


In mathematical terms, it was stated as under : If Ap, is the uncertainty in 
the determination of the momentum of a particle and A, was the uncertainty in the 


simultaneous determination of its position, then the product of these two 
uncertainties was of the order of h, the Planck's constant. 
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ШЕ uione of the two i.e. P, Or x was known exactly, then the uncertainty 
in its determination could be zero and that of the other would become infinite. As 


a matter of fact, it is applicable to a very small particle when the ordinary laws of 
mechanics are not obeyed. 


On this principle, it is impossible to think of an electron or any other particle 
to be at rest or to say it possesses zero energy and is at a particular location: The 
Bohr's orbits thus lose meaning as a circular path. The Heisenberg's principle, 
therefore explains the basic incompleteness of the Bohr-model of atom. 


3.16 ENERGY LEVELS AND ENERGY SUB-LEVELS 


Bohr suggested the existence of certain circular orbits at definite distance 
from the nucleus. These orbits are associated with definite energy of the electron 
increasing outwards from the nucleus. Its.evidence is given by the line spectra. 
The Bohr's circular orbits are usually referred to as "Energy levels" or "Shells". 
These are designated as 1, 2, 3, 4. etc. or К. E; M, N. etc. The maximum possible 
number of electrons a shell 'п' can accomodate is given by 2n?, i.e. 2, 8, 18, and 
32 respectively in the first, second, third and fourth energy level. It may be pointed 


FIGURE 3.15 


Electron orbits or 
Energy levels. 
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out that in the outer most shell of any atom, the maximum number of electrons 


possible is 8 (Except hydrogen whose outer most orbit being first orbit, is to be 
filled by “2” electrons). 


Table 3.1 p Levels and Maximum Electrons. 


ES 
ES eus 


The spectral lines, which correspond to the transition of an electron from one 
energy level to another, have for the most part, a fine structure, i.c. each line 
actually consists of several separate, close lying lines as doublets, triplets and so 
on indicating that some of the electrons of the given energy level have different 
energies. That is to say, that the electrons belonging to same energy level may 
differ in their energy. The energy levels are accordingly divided into sub energy 
` levelsdenoted by the letters s, p, d, f.... forthe first four series of lines in the spectra 
of the alkali metals, based on the terms Sharp, Principal, Diffuse and Funda- 
mental. The number of sub level in a given energy level or shell is equal to its 


value of 'n' for example, with in a principal energy level (n=2) i.e. second energy 
level, two sub levels are possible which are s and p. 


Table 3.2 Energy levels and sub levels 


ENERGY 

LEVEL UE dc 
SUB- 

LEVEL 


3.17 ORBITALS AND QUANTUM asim 


s,p,d,f. | 


Although the spectroscopic data indicate that electrons in atoms һ2'© 
various energies and that these energies may be described as main energy 1% 
and sub-levels, these data do not give information about the movement of 


A 
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electrons in atoms. Bohr's concept of circular path was disproved by the 
Heisenberg's Uncertainty principle. 


Through the use of mathematical methods known as wave mechanics, 
Schrodinger in 1926 was.able to calculate the probability of locating the electron 
in a region of space about the nucleus. Thus on the basis of wave mechanics, it 
would not be proper to have a picture of an orbit or to think of an electron 
following a specific path. At best what can be said is that around the nucleus there 
are certain regions of space, where the likelihood of finding an electron is 
maximum. Such regions around the nucleus are called orbitals. 


Each orbital in an atom is completely described by four quantum numbers. 
The principal quantum number specifies the size of orbital. This is given the 
symbol 'n'. А$ the value of 'n' increases, the size and also the energy of orbital 
increases. The azimuthal or subsidiary quantum number, symbol '¢ governs the 
shape of the orbital. This can have values ¢=0 to (п - 1). When value of /- o, the 
‘ orbital is called s orbital, when £1, itis 'p orbital, when ё= 2, d orbital and 3, it 
is'f orbital. The third quantum number is the magnetic quantum number, symbol 
т’. The value of m = — to through zero e.g. when ¿= 1 (p orbital), m = -1,0, 
+1 and if /=2, m=-2, –1,0,+1,+2 and so on. In fact the magnetic quantum 
number gives different orientations of an orbital in space in applied magnetic 
field. Finally, the spin quantum number, Symbols can have value of either 
+їп or -1 it specifies the spin of electron in an orbital. 


3.18 PAULI'S EXCLUSION PRINCIPLE. 


Itis an empirical rule but agrees fully with experimental observations. It was 
enunciated by Wolfgang Pauli in 1925 and states that: 


"In an atom no two electrons can have the same set of four quantum 
: numb ers" i 


Tn an atom, therefore,two electrons may have a maximum of three same 
quantum numbers of same values but the fourth would be different. Thus in any 


Orbital, when the values of n, and m are same, twoeléctrons can occupy the same 
; | 


Orbital only if their spins are opposed or paired, 1b. 
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Table : 3.3 SUB-DIVISION OF ENERGY LEVELS 


Oricntations 
of orbitals 
‘m’ 


333.83 


g? 

p : 
gio 

п 


The first energy level (К) contains only one orbital; therefore it does not 
contain more than two electrons,it is not strictly speaking divided into sub levels. 
The second energy level (L) consists of four orbitals and maximum of eight 
electrons. One of the four orbitals is an s orbital and the other three arc p orbitals. 
Thus the second energy level consists of two sub levels, the 2s sub level and 2 P 
sublevel,the2s sublevel consists of a single s orbital and the 2 p sub level consists 
of three orbitals. 
: “The third energy level (M), with a maximum of 18 electrons, contains thre 
sub levels consisting of nine orbitals one s orbital, three p orbitals, five d orbitals. 
The fourth energy level (N) consisting of four sub levels, contains 16 
orbitals: one s, three p, five d and seven f orbitals. The maximum number of 
electrons in the fourth level is 32. 


3.19 SHAPES GF ORBITALS 
_ АП '$' orbitals are spherical in shape with the nucleus at the cent 
Therefore in an 's' orbital, the probability of finding the electron is uniformly 
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distributed 
around the nucleus. Ir has only one possible orientation in space in thc 


magnetic field because ; : \ 
nodal plane. € 1t spreads over all the three axes uniformly. It has no 


The p obitals are dumb-bell- 
three mutually perpendicular ax 
All the three p orbitals are pe 
orbitals, that are of equal ene 


shaped and they are oriented in space along the 
es (x, у, 2), and are calied P,» p, and p, orbitals. 
tpendicular to each other. These аге degenerate 
гру. 


$- Orbital 


Px orbital 


FIGURE 3.16 
Shapes of orbitals. 
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Each p orbital has two lobes. One of which is labelled (+) and the other (-), 
Each lobe is like a pear. Itis worthwhile to note that it would be wrong to imagine 
an electron moving along from one lobe to another. The point when the two lobes 
meet each other is usually referred to as the nodal plane along which the 
probability of finding the electorn is zero. Here we are not concerned with the 
shapes of d and f orbitals which are rather more complicated. 


3.20 ELECTRONIC CONFIGURATION 


The distribution of electrons in the available orbitals is governed by certain 
rules or principles such as (i) Pauli's exclusion principle (which has'already been 
described) (ii) Aufbau principle (iii) (m+ д Rule, (iv) Hund's Rule etc. 


(i) Aufbau Principle: Itstates that for any givenátorn, the electrons are filled 
_ tothe orbitals of lowest energy in sequence, two electrons to each orbital. In other 
words, the electrons are fed in order of increasing orbital energy starting with the 
15 orbital. Pauli called this principle the-Aufbau principle( German Aufbau 
"building up"). Hypothetically we can build up the electronic configurations of 
the atoms by placing the electrons in the lowest available orbitals until the total 
number of electrons added is equal to the atomic number 'Z.. For example, the 
electronic configuration of the first five elements is given in table 3.4. 


Table : 3.4 Electronic Configuration of First Five Elements 


ement tomic №0. 'Z — Electronic Configuration 
a Я 15! 
Hydrogen 4-1 | Is! [4T 
: ls? 
Helium dio 12 [1v] 
| j ls? 2s! 
Lithium 3 I? 22 |I [4] 
Nos ‘i Iss 2s" 
e | * 
ryllium ise qug me] ao! 
152 252 
Вогоп 5 I$? 252 2р [av] av 
inii ANE Er o e кк АШЫ АЗЕ ёр ЕЈ. s 


The scquencc of increasing orbital energy is: 
15, 2s, 2р, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5р, 6s, 4f, 5d, ...... 
The scheme for the order of the filling of orbitals is shown in the table 3,5 + 
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The an order of the building up of orbitals may be simplified as shown in 
the table 3.6 


Table 3.6 


Table 3.5 Order of filling of orbitals Order of filling orbitals 


(ii) (n+) Rule: The order of the filling of orbitals in elements is guided by 
(n +2) rule. | 


— "In building up the electronic configuration of the elements, the orbital with 
the lowest value of (n + 4) fills first; when two orbitals have the same value 
of (n + 4) , the orbital with the lower value of “п? fills first” 


Here 'n^and 7' stand for the principal and azimuthal quantum numbers 
spectively. This useful rule reminds us that the energy of an orbital of multi 
e tron atoms depends upon the value of both the quantum numbers, n and, but 
Mainly on the value of n. For example, which fills first 3d or 4s orbital? For the 
Orbital (n = 3. Z = 2): the value of (n +2) = 5; for the 4s orbital (n = 4; 4 = 0), 

Value of (n +2) = 4. Hence 4 s which has the lower value of (n +2 ) and thus 
C energy fills first. Likewise, 4 p orbite! fills before 5s although the (n 4 l) 


ч z for both is same, but 4p orbital has the lower value of the principal quantum 
mber “л? ; : 
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(lii) Hund'sRule of Maximum Multiply: The orbitals which are degenerated 
(having equal er тву) ike p, G, f, where thes se begin to fill up, they do so according 
to a Rule called the Hund's Rule of Maximum Multiplicity. It states: 

(a) Theelectrons tend ito > avoid’ being in the same orbital. Thus as electrons are 
successively added, a maximum number of electrons will try to occupy 
orbitals singly. Ош y when all the orbitals are singly харе only then the 
pairing of electrons commences. 


In the ground state, the clectrons occupying the orbitals ind will have their 
spin parallel. 


(b) 


Making use of th са sbove mentioned principles, we could consider in the tavle 
3.7 the electronic conf iguration of the first 11 elements. 


Table : 3.7 Electronic Configurations of Elements 1 to 11. 


pon Ed 


NEM ER CHEM 


Atomic Element is 2s. 2p, 29, 2g 3s Electronic 
No. 7, configuration 
gere 5 ета ааа 

1 H | is! 

2 He Ay oN ais 

3 Li 4v 1 > С) E | 1s? 25! 

4 Ве ^t Avs 1s? 252 

5 B 1 ш 1 1s! 2s! 2p," 

6 C э май ЖЧ шт : 19 2s!2p, 2py 

. М х ; E s 

; УӘ OA Se oe 1$ 29 2p! у 2р; 
8 QA So dhs Ava) Mos 1 1s? 2s? 2p,? 2py! 25; 
9 o A 4) AL 4v 1 1s 2s? 2p,? 2py? 2р2 


юс Ne 4h 4y Ab 4b AD 1512s) 2p,3 2Pys2Ps 
MS Na 4, 4b 4v 4b 4b 1 19 2s? 2p? 3s! 


From the above 5000168, it is gathered that ; 


| f 
B The maximum number of orbitals in s particular energy level is equal !9 
— For example K, L, M and N contain 1, 4, 9, 16 orbitals. 
R E An тыш! eannot contain more than two electrons (Pauli's principle) 
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(с) The Vp ны of electrons that a particular energy level 
specified by 'n' can hold, is given by 2п?, For example, K, L, M and N 
energy levels can hold 2, 8, 18 and 32 electrons respectively. 


(d) Thenumberof sub levels in an ener ; : 
; gy level specified by 'n' eg. 
energy level with n 2 2 has two sub а ресі yn E equal to n.e.g 


(©). The number of orbitals in each sub energy level specified by T is given by 


(24 + 1). For example s, p, d and f energy sub levels contain 1, 3,5 and 7 
orbitals respectively. 


. ( The maximum number of electrons which can be accomodated in an energy 
sub level is given by 2 ( 2¢ + 1). Thus s, p, d and f sublevels contain 2, 6, 
10 and 14 electrons respectively: s? p$ d!? {14 


(8) The orbitals given by a particular value of if 'n' is same, have the same 
energy and such orbitals are called degenerate. Like ¢ = 1 gives three p 
orbitals specified as p,, p, p, and the p orbitals are said to be three fold 
Gegeaerate. These orbitals are filled according to Hund's Rule. 


M) The notation used to indicate the number of electrons present in a given 
cnergy level is ni’, where'n' may be 1,2,3....; may bes, p, d... and ‘x’ Tep- 
resents the number of electrons actually present for example, Na has Z=11; 
these eleca'ons are distributed as 1s^ 2s? 2p5 3s!. This indicates that the inner 
ес croitais 1s, 2s and 2p are full while the outermost orbital is 3s and contain 


only one éleciron. 


ЫИ ATOMIC RADIUS 


According to wave mechanics, an electron could be апу where around ће 
cleus, hence it would be improper to talk of a fine radins of лот. Pu 
Presence of other ators also affects the outer charge distribution. Still itis useful 
tO talk about the radius of an atom. The radius of an atom is taken as half the bond 


пр between two homonuclear diatomic molecules like H -H; 0=0;Cl-Cl 


^ 


ba O ————— нынын ———_____ 
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etc. The values of the distances between the two nuclei are determined from the 
spectroscopic data and X-ray dif fraction measurements. For example the distance 
between two atoms of carbon in diamond is 1.54À, giving the radius of 
catbon atoms as 0.77À (1А = 10* cms). Similarly the internuclear distance 
between two sulphur atoms is 2.06À, there by giving the radius of sulphur 
atom as 1.03À. Some atomic and ionic sizes are shown in the table 3.8 


FIGURE 3.17 


In case of heterogeneous diatomic molecules i.e. where two different kinds 
of atoms A, B are joined together, the bond length is (r, + r,) and if any one of the 


radit is known theother can be found, The knowledge of the atomic radii is use! 
in predicting chemical behaviour, e.g. phosphorus combines with chlorine to g* 
PCI, but does not combine with iodi 


Cl atom and 5 SES 
: of ol 
accomodated around a single phosphorus atom the iodine atoms cann 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 
109 | 
TABLE 3.8 
Sizes of the atoms and their ions 


atoms 


Mg" А” Sit 


0.65 0.50 _>0.41 


IONIC RADII 


Be** B? 
0.31 

Mg” 

0.65 

Ca? 

0.99 

Se 


1-3. 
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3.22 IONIC RADIUS. 


When an electron is removed from a neutral atom, the atom is left with an 
excess of positive charge called a positive Yon or canon. Instead of ancora aom 


takes up an electron it becomes a negative ion or anion. 
? 


М —— М* +е- 
M+ e —— M- 


‚ The magnitude of the charge on the. ion depends upon the number of 
electrons removed or added to the neutral atom. 


Mr M* +e 
М +e—> M- 


Asin case of atomic radius, the ionic radii are known from X-ray analysis. 
The ionic radii are also deduced from the way the ions are packed together. The 
monoetomic 1005 are considered as spheres and their radii are determined from 
the жор; in crystals. The value of the ionic radius also depends on the ions that 
SuiTO it. 


(i) Tonic radii show that the cations have smaller radii than neutral atoms. 0" 


removal of an electron the effective charge on the nucleus increases and pulls h° 
remaining electrons more firmly e.g. 


radius of Naatom = 1.57А 
radius of Na*ion = 0.95 А 


(ii) Anions have a larger radii than the neutral atoms as an excess of ne? 
charge results in greater electron’ repulsion e.g. 


radiusofClatom = 0.99A 
radiusofCl ion = 181A 
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iii) Incase of ions whi i 
у е 85 P в viis have the same electronic configuration like Na*, Mg", 
» US", 28°, 2p) the radii. decrease with increasing nuclear Charge. 


Element Na* 

M + ++ 
Atomic No. 11 m А 
Ionic radius іп А 0.95 0.65 0.50 


s ne s which have the same electronic configuration, as given 
called isoelectronic. The ionic sizes are shown in table 3.8 


above, are 


3.23 IONIZATION POTENTIAL 


а Ке defined as the minimum amount of energy require. torémove the least 
strong y bound electron from a neutral gaseous atom, ion or fmolecule. Itiscalled 
Ionization potential or ionization Energy. 


+ 5 
Me, ——— M'te 


Itis possible to remove more than one electron from an atom or ion; giving 


- doubly or triply charged ions and the energies needed are called: 


Moo O0 M’ + &Eisthe first Ionization potential. 
qo — M” a2 A Е is the Second Ionization potential 
M 3 М у+еАЕ is the third Ionization potential. 

The ionization. "potential is measured in Kilo-Joules per mole and is 
determined from spectroscopic methods or by measurement of current passing 
through a discharge tube. The ionization potential depends upon the distance of 
the electron from the nucleus. Farther the electron is from the nucleus more easily 
itis removed. When one electron is removed, the positive charge on the nucleus 

Omes unbalanced and binds the remaining electrons more firmly. It is 
therefore, becomes more and more difficult to remove the second and then the 
third electron. Due to their larger distance, itis easier toremove an electron from 
Р shell than а 'd' shell and removal from a 'd' shell is easier than а 'p' shell., The 
ПШ, second and third ionization potentials of first 20 elements are given in 
able 3.9. 
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Table 3.9 Ionization Potentials (KJ mot") 


Hydrogen 
Helium 
Lithium 
Beryllium 
Boron - 
Carbon 
Nitrogen 
Oxygen 
Fluorine 
М№еоп 
Sodium 
Magnesium 
Aluminium 
Silicon 
Phosphorus 
Sulphur 
Chlorine 
Argon 

. Potassium 
Calcium 


3.24 ELECTRON AFFINITY 


tis easy to remove an electron from a metal to form a positive ion according 
tothe equation © M—e>M' 
e.g. | | 
Na Me е Nat, АН = * 495 KJ mole 


The non metals on the other hand ту to gain an electron to complete is 
3 change accompanying the gain of an electron by a né 
cse ann a Mb ion is called its electron affinity. The additio" й 
electron to an atom, is mostly an exothermic change. For example; 
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Clo te ә Сг, AH = -348 KJ mole"! (Electron affinity). 
Some non-metallic elements 
large amounts of energy, that is, th 
(Refer Table 3.10). The large val 
elements are very strong oxidizi 
halogens are attributed to their s 
electrons. Moreover, the additi 
configuration (i.e. Octet), The 
cause the fluorine atom is very s 
the electrons already present. 


particularly halogens of VIIA group evolve 
eir electron affinities are large and negative. 
ues of the electron affinity show thast these 
ng agents. The large electron affinities of 
mall atomic radii and greater attraction for the 
on of an electron produces the stable inert gas 
value for fluorine is anomalous, probably be- 
mall and the incoming electrons are repelled by 


Table 3.10 Electron Affinities (KJ mole)" 


IIIA IVA 


C 
-123 *31 
Si P 

-135 -60 


*p d | 
08] : A : : à 
tve values signify that the reaction A-«eA- is endothermic. 


Boy Looking at the table 3.10 you might note that the electron affinities of 

Y P TA elements are somewhat negative, even though these elements have 
' lium tte attraction for the electron. The elements of group IIA, Beryl- 

mic) be agnesium have positive electron affinities (change is endother- 

oy ше the electron is being added to higher energy p-level. In VÀ 
Must i “ments such as Nitrogen, the value is positive because the electron 
№, nter the half filled p-orbital and becomes paired, a process which is 
| "Betically favourable. | 
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The addition of second electron to oxygen or sulphur must overcome the 
repulsion of the negative charge already present on О” and S-. The process is, 


therefore,endothermic e.g. for O* it is + 844 and for S^- it is + 532 KJ mole! 


3.25 ELECTRONEGATIVITY (E.N) 

In a molecule the tendency or power of an atom to attract a shared pair 

of electrons to itself, is called the electronegativity of that atom. The 

polarity of covalent bond depends upon the electronegativities of held 

atoms. The electronegativity values of elements are listed in table 3.11. 
The numerical values of the electronegativity of fluorine is fixed as 4 which 

is the highest value fromthe values listedintable 311115 clearthatthe E.N, values 


in general, increase as we go from left to rightin any horizontal period, while they 
decrease as we go down from top to bottom a group in the periodic table. 


TABLE 3.11 
Eelectronegativities of representative Elements 
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On the basis of clectronegativity values. It is predictable that what type of 
bond will be formed. If the difference between E.N. values of any two bonded 
atoms is less than 1.7 the bond will be covalent. The polarity of covalent bond 
also depends upori the E.N. values, that is, the covalent bond between two similar 
atoms (H—H, O=O, N=N etc), the Е.М. are equal, the covalent bond is non-polar 
in character. The covalent bond between dissimilar atoms is always polar in 
nature, the polarity increase with difference in their E.N. values. For example, 
bond between N and H is more polar than bond between C and H, because E.N. 
difference in case of N and H is more than E.N. difference between C and H. 


PROGRESS TEST 3 


1. "What is the experimental evidence for the presence of small nucleus 
containing most of the mass and all of the positive charge in the atom? 


2. What.information about the structure of atom is obtained from the 
experiments on the passage of electricity through gases under low pressure? 


3. Criticize the following statement, "An electron moves about the nucleus of 
an atom in a manner analogous to the movement of a planet about the sun ? 


4. Whatinformation about the electron in the atom is obtained from the fact that 
the emission spectra of the elements are frequently discontinuous? 


5. Explain quantized energy states in terms of Bohr's orbits and electron 
transition between the orbits. 


6. What principles and rules are followed in the electronic configuration of 


atoms? 

t Explain the origin of X-rays and relationship between their wave length and 
nuclear charge in the atoms from which they originate. 

V (ау: State the restrictions placed on our ability to know the position and 


momentum of an electron. 
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(b) Explainthe significance of Pauli's Exclusion principle in relation to the 
electronic structure of atoms. 


(c) Write down the electronic configuration for the ground states of each 
of the following (i) Na (Z = 11).(ii) Ca (Z = 20) (iii) Sc (Z = 21) 


. (iv) Mg* (Z = 12) (у) CI Z = 17). 


Explain the distinction between the following: 


(aja and D - Particles (b) Orbit and orbital (c) Ground state and excited state 
(d) Continuous and discontinuous spectrum. | 


Describe the contribution made by the following individuals toward the 
structure of atom (a) Rutherford (b) Bohr (c) Moseley. 
Give the numberof protons, neutrons and electrons in each ofthe following: 
19 : 35. 9:7 d 
(а) „К (b) 162 (с) Li (d) F (е) „Ма 
Also write down their electronic configuration. 
What do you understand by the terms: 


(a) Atomic Radius (b) Ionization potential ; 
(d) Electronegativity, В (c) Electron affinity 


List the four quantum numbers that define the energy — of the TC ME 
in a hydrogen atom elong with their possible values and explain their 
significance in terms of orbitals, р am (ле 


(а) Тһе ionization potential of Lithium and potassi 
what do you predict for the LP. of Na. OO aa 


(b) What is the shape of orbital for which £=(0),? Those for which = 17 


(a) Howisemission of radiation froman atom explained by Bohr's model? 


(b) Why wasthenucleusof hy 
particle? 


drogenatom was assumed to bea fundamental 
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CHAPTER = 4 


CHEMICAL BONDING 


4.1 ENERGETICS OF BOND FORMATION 


A molecule as compared to the atoms from which it is formed is more stable 
because it possesses energy lower than the energy of the üncombined atoms. This 
difference in energy is due to the fact that when. atoms combine to form 
molecule, the attractive forces are created which result in the release of 
energy. The attractive force that holds atoms together in a compound is 
known as the chemical bond. j 


The force of attraction or chemical bond between two atoms is formed due 
tothe interaction of valénce electrons of combining atoms. 


In 1916 two kinds of chemical bonds were described: The ionic bond by 
W. Kossel (Germany) and Covalent bond by G. N. Lewis (U.S.A.). Both these 
chemists based their "ideas on the fact that atoms attain greatest stability when 
they acquire an inert gas electronic configuration (Octet Rule). Asa matter of fact 
atoms of the inert gases have eight electrons in their outermost orbit, excepting 
helium Which has only two electrons. These gases are very stable and do not enter 
into chemical combination under ordinary conditions and therefore they are 
assumed to have stable orbits. Atoms of all the other elements have incomplete 
outermost orbits and tend to complete them by chemical combination with the 
Otheratoms, This inert gas configurationcan be achieved either by the transference 
Sharing of elections among themselves. It is the tendency of atoms to acquire 
"gas configuration which causes the atoms to form chemical bonds. 


hb. 
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42 ELECTROVALENT OR IONIC BOND 


This type of chemical bond proposed by Kossel is formed as a result of 
complete transference of onc or more electrons from onc atom to the other so that 
both the atoms acquire inert gas configuration (the octet rule), The atom that 
loses electrons becomes positively charged and the atom that gains electrons 
becomes negatively charged. The charged atoms (called ions) so produced are 
held together by electrostatic force of attraction. The ionic bond is, therefore, 
defined as the electrostatic attraction between positive and negative ions. 


Ionic compounds such as NaC] and MgO are formed by the elements of low 
electronegativity (metals) and the elements of high electronegativity (non- 
metals). If difference in electronegativity, AEN, is greater than 1.7 between two 
elements usually leads to an tonic bond. 


The-metal of groups IA, ПА and Aluminium in ША due to their lowloniza- ' 
tion potential and low electronegativity, lose one, two or three electrons t0 


form M*,M?* and М” ions respectively. The non-metals of groups VIA and 
VIJA due to their high electron affinity and high electronegativity tend 10 
gain two electrons and one electron to form А> and At- ions respectively. 
Nitrogen and phosphorus in VA group will under some circumstances gain 
three electrons to form Nè (Nitride) and P? (Phosphides) ions 


In order to understand why ionic bonds are formed readily beiwesn 00 
metals and non-metals of the above nentioned groups, let us consider theeneta! 
changes involved in the formation of say, sodium chloride from sodium 0 
chlorine atoms. 


(i) Sodium in the ground state has the electronic configuration of 15,2 КУ 

к „2 40) 
3s! i.e. it has one valence electron. The loss of the valence electron тШ??? 
KJ mole", the resulting Na’ has complete octet, 


Na, ———— Naty +e” — AHx-«495 Ki/mole 


15, 2s?, 2p*, 3s! 192, 23°, 2p 
(116) (10е) 


4 
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(ii) Chlorine atom in its ground state has the electronic configuration of Is?, 252, 


5 LJ * 
2%, 352, 3p”, that is, it needs one more electron to com 


plete its octet. The gain 
of one electron by chlorine releases energy which is j 


equal to 348 KJ mole", 
CUR y Cg, e AH =- 348 KJ/mole 
152, 2517, 2р*, 35, 3p! 152, 252, 2pS, 332, 3p" 

(17 €) (18 е) 


The energy difference (495-348=147KJ/mole)is more than compensated when 
the oppositely charged ions forma crystal lattice consisting of a closely packed 
array, in which each ion is sutrounded by six opposite ions (Fig. 4.1) The great 


FIGURE 4.1 pe 
Crystal structure of sodium chloride, showing (right) the octahedral 
arrangement of six sodium ions around one chloride ion. : 


attractive forces in the crystal lattice greatly reduce the energy of the system there 
Y making it stable. Thus the more important stepis the third step which involves 


t А А 
mation of crystal lattice. 


T К = 788.0 KJ/mol 
(iij) Na’, +С э. Na Clo AH =-788.0. 


The energy released when onc mole of gascous ions arrange themselves in 
“finite Pattern to form crystal lattice is referred to as the lattice energy. It is this 


— 
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energy which over comes the loss of energy encountered in the formation of the 
ions. 


From the above discussion, we conclude that it is éssential for the formation 
of ions and the ionic bond that the sum of the energies released in the second and 
third steps must be larger than what is required in the first step. 


Characteristics of Ionic Compounds 


. () A single ion of a metal is never associated with a single ion of non-metal i.e. 
separate units of ionic compounds do not exist and therefore it is wrong to talk 

-about a molecule of an ionic compound. The formula only indicates the relative 
number of atoms of each element. The solid crystal is made up of large number 
of oppositely charged ions, arranged in definite pattern. Each ion is surrounded 
by a fixed number of oppositely charged ions, so that the strong electrostatic 
forces between ions act in all directions through the crystal. Thus the ionic 
compounds are generally hard solids. 


(ii) The ionic compounds possess high melting and boiling points due to strong 
inter ionic forces in their crystals. Lot of thermal energy is required to break those 
forces. P" 


(iii) Ionic compounds are soluble in water and similar polar solvents because of 
the strong electrostatic attractions between the ions and polar molecules of 
solvent. The surrounding of the ions by the solvent molecules solvation releases 
the. energy. which is known as the energy of solvation. This energy usually 
overcomes the high lattice energy of the ionic compound. 


~ Insoluble ionic compounds (e.g. the sulphates, phosphates and fluorides of 
Ca, Sr and Ba) have very high lattice energies and insufficient solvation ener£ 
is available from the ions to overcome the high lattice energies for thes? 
compounds to be soluble. The ionic compounds are insoluble in the organic 
solvents like Benzene, carbon tetrachloride etc. because there is no attraction 
between the ions of ionic compounds and the molecules of non polar solvents: 


(iv) Ionic componds are invariably electrolytes, because in the presence o 
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polar solvent such as water, the interionic forces are so weakened that the ions are 
separated and the free ions are able to move under the influence of electric current. 
In fact the ionic compounds conduct electricity even in the fused or melted state. 


43 COVALENT BOND 


Theatoms in an ionic compound are held together by the transfer of valence 
electron or electrons from one atom to the other atom. In covalent bonding, no 
such transfer is involved, instead two atoms both of which tend to gain electrons 
may combine with each other by sharing one or more pairs of electrons. This 
concept of electron pair bond was proposed by G.N. Lewis in 1916. Two atoms 
ofchlorine for instance, each having seven electrons in its valence shell unite by 
sharing two of these fourteen electrons between them. This is shown diagramatically 
as follows, using dots to indicate only the valence electrons: 


Unpaired electrons Shared pair of electrons Covalent bond 
| i 


а ‘Ch: ж = :СЇ:Сї: ORE. Cla Cl 


Electrons that are shared between two atoms are the bonding electrons and are to 

becounted toward the octet (or duplet in case of hydrogen) of each of the bonding 

atom. As the shared electrons spend much of the time between the nuclei, 

‘Tesulting in the attractive forces between negative charge of electrons and positive 

ea of the two nuclei. This type of chemical bonding is known as covalent . 
nd, 


the one shared pair of electrons forms a 
"Idle covalent bond between two chlorine atoms (Cl — Cl). The sharing of 
ns in a covalent bond brings the bonded atoms closer together which is 


flected from th | ds. Forexample, when two chlorine 
e bond energy data of the bonds. 
form a single Ach bond, 242 KJ/mole of energy are released. 


In chlorine molecule, for instance, 


M ^ bad oe e | -l 
Ce "c i - Ëi,» AH = -242 KJ mol 


The release of 55 lowers the energy of the molecule and thus makes it 
"ore Stable, | 


BE u 


Scanned with CamScanner 


EN 
MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) | 


122 


Another normal feature of a single covalent bond is that the spins of the bond 
forming electrons, unpaired with separate atoms, becomes paired in the bond 


formation. 


In addition to single covalent bond as méntioned in Cl, molecule, atoms also 
form multiple bonds, that is, double and triple bonds as in case of Oxygen and 


Nitrogen molecules. 


An oxygen atom has six valence electrons, therefore the formation of 0, 
molecule would involve sharing of two electrons from each oxygen atom. As 
sharing involving one electron pair is indicated by a single short straight line, the 
sharing of two electron pairs would be indicated by two short straight lines: 


Two shared pairs Double bond 
V 4 
О. + .0. — 0:0 or О =0 


Nitrogen atom, on the other hand, has five electrons in the valence shell 
therefore, the formation of N, molecule would involve sharing of three electrons 
from each of the two atoms as shown below. A triple bond as in N, is represented 
by three short lines. 

Three shared pairs Triple bond 


Nee NENT NEON or NsN 


.  Thebond distances of multiple bonds are shorter and the bond energies - 
higher as shown in the table 4.1 (Also refer 4.7). 


Table 4.1 Bond distances and Bond Energies of Single, Double, Triple bonds. 


"Covalent Bond _ Bond Energy 
C=C en er re рат _ 
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Generally there is shortening of 0.20A for any double bond and 0.34 A 
shortening for any triple bond. 


Notice that the examples given so far involve the equal sharing of electrons 
between similar atoms which form pure covalent bonds. Examples of bonding in 


water and CO, present ani ae i. 
2 interesting situation, where shari 
place between dissimilar atoms, aring of electrons takes 


Hx+ 0: +xH>HKOXH OR 0 


The shared electrons are attracted more towards more electro negative atom 
(Oxygen in both cases). Suchapairofelectronsconstitute polar bond making one 
part of a molecule partially negative ($-) and the other partially positive (8 +). 
A molecule with a positive and negative pole is referred to as dipole. A covalent 
bond is directed in space so that the atoms in a covalent compound are linked in 
à definite position in relation to cach other and the molecules formed may exist 
as distinct particles. 


Characteristics of Covalent Compounds 


(i) Unlike ionic compounds, the covalentcompounds existas separate covalent 
molecules, because the particles are electrically neutral and have little attractive 


forces for each other. 


(ii) Covalentcom ince they existas separate molecules are expected to 
pounds, since they 
be Volatile liquids or gases or low melting solids (held together by weak Vander 


Waals forces), 
ш) These аге non-electrolytes i.c. they do not conduct clectricity. 


(iv) Covalent compounds are generally insoluble in water and similar polar 
мели but soluble in the organic solvents. 


шш эши ишш A нанынын 
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44 CO-ORDINATE OR DATIVE COVALENT BOND 


An atom in groups VA, VIA or VIIA, having filled its valence shell by sharing 
its unpaired electrons to form covalent bonds, may use its remaining paired 
electrons (lone pairs) to form further bonds. It does this by sharing a pair 
with another atom having an empty orbital. The result is a dative or co- 
ordinate bond in which both electrons in the shared pair originate from the 
same atom. Sidgwick first developed the use of this type of bond and he 
called it as dative bond, The atom providing the lone pair of electrons to make up the 
co-ordinate bond is known as the donor. It must, of course, have an 'un- 
used' pair of electrons available and such a pair is referred to as a lone 
pair. The atoms sharing the pair of electrons from the donor is known as 
the acceptor. 


The dative bond is represented either by the use of an arrow, from tke donor to 
the acceptor atonr or by means of line, conveniently used to represent a covalent 
bond, but with inclusion of charges (*) for the donor and (-) for the acceptor atom. 
On this basis, the dative bond can be regarded as a covanlent bond with a certain 
amount of ionic character, and the term co-ionic instead of dative, is intended to 
describe this state of affairs. 


EXAMPLES 


(i. Phosphorus Oxychloride, POCL, 


Cit i: 
E OT | 
CL P & Cl: which may be represented as С — P — С: 
| | У M 
‚О; : О: 
ee le ee 
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(ii) Nitro methane, CH, NO, 
$ о: На LO: 
н хёх NO | 47 
X хх or Ae 
H .0; | E ue 
6 
emf 
or H— C—N9 
losa 
, H o? 
(й) Ammonium ion, NH,* 
; | 
Н iN : Ho or d odi 
H H 


H + 
or H—N-H 
H 


It may be pointed out that the co-ordinate bond and a covalent bond once 
formed are indistinguishable i.e. both are alike. 


45 DIPOLE MOMENT | 
т), where m = polar strength and 
t tends to become oriented in a 
le)-tends to become oriented in 
sreferred to as the dipole moment, 


{з À magnet has the magnetic moment 
distance between the two poles. A magne 
"'enetic field. Likewise a dipole (polar mole 
electrical field. The extent of this tendency 1 
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p. It is measured by the magnitude of charge at each pole multiplied by the 
distance between two charges. The separation which in case of a diatomic 
molecule 15 approximatelyequaltothe bond distance (p= ex d where 
e = magnitude of charge, d = distance between charges). The dipole moments 
Were expressed in debye units (after the Dutch physicst Peter Debye), but now 
they are expressed in S.I, units as coulomb metre (Cm). 


1 debye = 10 esu x cm = 3. 335 x 10? Cm (1C = 2.998 x 10° esu) 


The dipole moments are of the order of 10% Cm and it is due to the fact that 
the charge оп an electron is of the order of 10 coulombs and distance is of the 
order of 10"'* metre. Tt may be pointed out that the dipole moment depends not 
Only on the polarity of individual bond in a given molecule, but also on the 
&cometry of a molecule as a whole. For diatomic molecule, polar bond means 


polar molecule, that is the two concepts coincide; The diatomic molecules 
consisting of different atoms are more or less polar. Greater the difference of 
рсе en А EN, greater would be the polarity (see table 4.2). The pure 
covaient molecules consisting of similar atoms will have 

charge separation involved, үе» 


For polyatomic molecules, 
polarity of its bonds but it also de 
and CO,. for instance, both contain polar bonds 
results in a dipole moment of 5.336 x 10? 


y depends upon the 
Ecometry of the molecule. 50, 
but the angular structure of SO, 
Cm, while for linear CO,, p =0. 


Ôt 

$ 
"s Ne i 5+ 5- 
О Окы: 


0 =c 


и m 5,336 x 10” Cm R= 0 


The net molecular moment is indicated by (-») anditi rhe 
individual bond moments, In CO, , the d tisthe vector sum 0 


Vie double bonds lie on one straight line, t 
is, molecule is perfectly symmetrical. Hence although both bonds in CO, 2° 


4 
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lar, the two dipole moments of the molecule are equal oppositely directed, thus 
the molecule as a whole is nonpolar. Likewise CS, is also non polar (u = О) 


Now consider carbon tetra chloride (C Cl ,) which contains four C — CI bonds 
which are definitely polar but the symmetry gives C CI, a zero dipole moment. 
Chloroform molecule (CHCI) on the other has a dipole moment of 
340 x 107? cm due to its asymmetrical structure. Dipole moments of some 
molecules are given in the table 4.2. 


Table 4.2 Dipole moments in debye and coulomb metre. 


C CHARACTER OF COVALENT : 
RA that in case of CL, O, and N, 


t was jous section 
made clear in the previou the shared electrons are equally attracted 


mo 

e here the atoms me tom attracts electrons more strongly 
i ivities; neither a 

than th cal clectronegativities: ne distributed equally over the two atoms 


Other and the electron density is 


CH a 
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in a molecule. СІ,, O, and N, molecules are therefore non-polar. 


The molecules consisting of different atoms such as H O, HF etc. present 
different situation. In these cases, the shared electrons are not equally аи 
In Н,О, for instance, oxygen attracts the bonding electrons to a greater extent The 
electron cloud of the molecule is shifted towards oxygen so that this end of 
molecule has a greater concentration of negative than positive charge. Similarl 
in HF molecule, fluorine is more electronegative, so this end has greater oca 
of the negative charge (Fig. 4.2). Consequently in both the molecules, H,O and 


FIGURE 4.2 
The electron density distribution in the HF molecule. 


The more eléctronegati 1 
| gative fluorine a 
large portion of the electron density T Е 


нЕ He рое end is correspondingly more Positive. This situation is - 
indicated by using the symbols 8 and 6* when 8 (delta) represents the partial 
electrostatic charge separated between the two atoms ( &-+ 6*20) - 


H* Не H* - r* 


The covalent bonds in H,O and HF are therefore Polarbonds, These covalent 
bonds are not pure covalent but they have partial ionic character. The difference 
in the electronegativity of the two bonded atoms determines the at of the ionic 
character of a covalent bond. For instance the H-F bond is 64% ionic and Н-С 
is only 17% ionic, The partial ionic character greatly affects the properties of 3 
molecule. For example, melting and boiling points of polar molecules are high 

and they are soluble in the polar solvent such as H,O. Further more, the presence 
of partial character shortens the covalent bond, that is, pulls the atoms close! 
together. For example, the expected H-F bond distance is 1.01A where as the 
actual value is 0.92A. Due to shortened bond distance it is quite obvious that the 


p" 
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bond energy must increase accordingly. For exam 
| ; ple the bond energy of H-F 
molecule is 268 KJ/mol more than the calculated value. 4 


47 BOND ENERGY 


The energy change in chemical reactions is due to the bonds fing formed 
and broken. A chemical bond is the link between two atoms and represents the 
lowering of energy. Work must be done if the atoms are to be separated. The 
oe Msn break a bond between two atoms in a diatomic molecule is 

wn as the bond energy. It is expressed in kilo jou! i 
change per 6.02 x 10? bonds): Joules per mole (i.e. the energy 


H-H, > 2H o AH = 435 KJ mor! 
Hydrogen molecule Free atoms of Hydrogen 

O=O elise dy 20, AH- 498K] mo 
Oxygen molecule Free atoms of oxygen 


Alternatively, the bond energy might be taken as the energy released in 
forming a bond from the free atoms (not from the elements in their standard 
States): 

H =. АН. f 
w t Hp > H-H, uc 435 KJ mol 
0 | le l -1 
w t 00^? 0-0, AH 2-498 KJ mol 


Notice that the breaking of bonds is endothermic and making of bonds is 
“thermic process i | 


„ок energy is the measure of the strength of bonds. Generally, bond 
816 of polar bonds are greater than the pure covalent bonds (non polar): 


A Cha > 20, AH =244 KJ mol" 
?'-Dolar molecule : i 


H* 
—— e 5. + Cr 
веб w == (р + ui 


b. 


АН = 431 KJ mol 
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Itis worth while to remember that the bond energy depends upon the partial 
ionic character of a covalent bond. Larger the ionic character greater the value of 
bond energy. 


005755 85 8$ $9. 9 6 
Polar mol 
olar molecules ИЕ еН ЕС: HeBr HI 
Bond energy (KJmol") 565 431 364 299 


Тһе value of bond energy also depends upon the bond distance. Shorter the 
bond distance, stronger the bond and greater would be the bond energy. For 
example triple bonds are usually shorter than the double bonds which in turn are 


shorter than the single bonds. Hence the bond energies for multiple bonds would 
generally be greater than those of single bonds (See table 4.3) 


Table 4.3 Bond distances and Bond energies for single, 
double and tri ple bonds, 


Information of bond energy can helpin understanding of chemical reactivity. 
For instance, bond energies of H, and О, are higher than for most diatomic 
molecules and are sufficiently high so that when their molecules collide with each 
other at room temperature, they simply rebound and no chemical reaction occurs. 


4.8 SIGMA AND PI BONDS 


In 1916, Lewis introduced the electron pair concept of a covalent bond. 
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However, it failed to account for the geometry and magnetic properties of 
molecules. In 1927, Heitler and London extended the Lewis theory and proposed 
valence Bond Theory (VBT) and in the early 1930's Hund, Huckle, Mulliken and 
others developed an alternative theory which is known as the Molecular Orbital 
Theory (MOT). According to both these theories, a covalent bond is formed by 
ihe overlap (fusion) of the atomic orbitals. Nevertheless, valence bond theory 
suggests that the bonding electrons occupy the atomic orbitals of the bonded 
atoms and molecular orbital theory assumes that the electrons occupy the 
molecular orbitals which belong to the molecule as а whole. 


An essential difference between atomic orbital and molecular orbital isthat - 
an electron in the atomic orbital is influenced by one nucleus (mono centric) and 
in the molecular orbital, it is influenced by more than one nucleus (polycentric). 
According to the molecular orbital theory, linear combination of atomic orbitals 
(LCAO) gives two kinds of molecular orbitals. A molecular orbital with high 
electron density in the region between two nuclei having lower energy 
(greater stability) than either of the parent atomic orbitals from which 
molecular orbital is derived known as molecular bonding orbital. The 


other molecular orbital having higher energy witha nodel plane or of low 


Molecular orbital 


Atomic orbitals 


FIG 
The tac ve orbitals and the resulting molecular orbital represented 
In terms of charge clouds. · 


| fth 

“од density between the two nuclel, is less a than RM 

“nt atomic hit is derived, is known аз 2 
orbitals from whic and antibonding 


Mol | 
"hing Orbital, The energy difference of a 
Is shown by the energy diagram in Fig.4.4. 


b. 
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Antibonding Molecular Orbital 


1 
5 
| 


Atomic orbital Molecular bonding Atomic orbital 
orbital 
FIGURE 4.4 
Energy diagram of bonding and anti bonding orbitals. 


The bonding molecular orbitals which are formed by the linear 
combination or over lap ofthe two atomic orbitals, are designated by the 
Greek letter o (sigma) and the bonding molecular orbitals which are 


formed by the parallel overlap of the two atomic orbitals, are designated 
by the Greek letter (pi). | 


с Bond:The'linear' or ‘head to head’ overlap of the atomic orbitals like s - 5, 
s- p, p - р give sigma bonding (c) and sigma antibonding (с') molecular 
orbitals, A sigma bonding orbital is linearly symmetrical about the axis 
connecting the two nuclei (inter nuclear axis), The bonding electrons 
contained in it are called sigma electrons which form the sigma bond. As the 
end on combination of the atomic orbitals offers the maximum overlape, the 
resulting sigma bond is very strong bond. ae 


$-s type overlap is found in H, molecule when 15) orbital of one hydroge# 
overlaps Is'orbital of the other to form sigma bonding orbital which constitutes 
the single covalent bond in H, molecule. The antibonding orbital remains 
unoccupied (Fig: 4.5). - 


$-p type overlap occurs in HF molecule when 1s? orbital of hydrog 


overlaps 2 p orbital of fluorine to form sigma bonding orbital which constitu 
the single covalent bond in HF molecule (Fig. 4.6) · 
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6 + Se ^N y 
— ` + : ~ | “м х + + 
»* 


Js! sigma bonding 


N v 


atomic orbital atomic orbital molecular orbital (6) of H2 


H4 Ht HiH 


hydrogen atoms with 


opposite electron spin Sigma Star Antibonding 
Molecular orbital ( 4 ) 


FIGURE 4.5 
The hydrogen molecule. 


Sigma Bonding Molecular orbital ol HF(¢) 


о.о 


(Н) (Е) 


Sigma Antibonding Molecular orbital (с) 


FIGURE 4.6 
Hydrogen Fluoride molecule (HF) 


here 2pz orbital of one fluorine 


DD type 0 in E. molecule w 
oven, YPC Overlap is seen іп F, F sigmabond. (fig. 4.7). 


“PS 2p orbital of the other fluorine to form F- 


i. 
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+ — ae 
2 Sigma Bonding Molecular orbital of Е; (о) 
р 
(F) INC 
eÇ 


Sigma Antibonding Molecular orbital (5) 


FIGURE 4.7 
Flourine molecule (F2) 


· Therelative strength of a si 
atomic orbitals. This is known 


gma bondis related to the extent of overlap of the 
as the principle of maximum overlap. 


Due to spherical charge distributi 


Оп {п s-orbital, generally s-s 


p, Bond: The 


lateral or side ways' Overlap of the P-orbitals provided they are 0" 
the two atoms which are already bonded through a si Ema bond and their axes 2/ 


co-planar, gives two molecular orbitals — pi bo 
The pi bonding orbital has two regions of 
the nodal plane (Fig. 4.8). The electrons c 
ing electrons which form the pi bond. 


nding (x) and pi antibonding (1*) 
electron density below and above 
Ontained in it are called pi bond: 


lt is not linearly symmetrical 
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(a) 7 bonding | (b) Nodalplane 
(b) т* Antibonding 
FIGURE 4.8 


With respect to the bond axis, rather it has a nodal plane; the rotation about 
the bond axis seriously affects overlap between the p-orbitals. Maximum 
Overlap and therefore maximum bond strength requires two p orbital to be 
Parallel. If the two atomic orbitals are mutually perpendicular, this overlap 
5 at minimum (virtually zero) and there is essentially no bond. Thus the 
Most stable condition is that-in which two p-orbitals are parallel and this 
“quires the atoms or groups at either end of the molecule should lie in the 
ame plane, i.e. they must be coplanar. Any rotation of the atoms 
Soups at either end, with relative to one another requires sufficient energy to 
"ak the pi-bond: At room temperature, the molecules containing pi bond such 
enes do not have sufficient energy to allow the-rotation to take place, and 


е : ; 
sult is the restriction of rotation. 


Ory E molecule is formed by the combination of two oxygen atoms. Each 

the 2» atom consists of two partially filled 2p,and 2p, orbitals. 2 Py orbitals of 

Ong, atoms overlap end on to form a sigma bond leaving 2p, orbitals parallel 

the мо atoms, The side to side overlap of 2p, orbitals form a pi bond between 
° Oxygen atoms, | | 


a HáBÀ 
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Half filled p, and p, 


Completely filled / \ 


с-Вопд, 


| (px omitted for simplici 
Figure 4.9 Oxygen molecule. n 


49 HYBRIDIZATION 


Valency is generally regarded as 
| | the nu ; i 
valence shell of an atom. However, this Pen aee аи 


rule is disregarded j has 
i £ uc 
Beryllium, Boron, Carbon etc. The electr LS ui 


i Оп arrangemen nts if 
their ground states (low energy States) are given ior pietece diem 


Is 2s 2p, 2р, 2р, 
‚Ве = ll |J 
5 B = 1 | 1 | 


1 
6C = | ll 1 | 
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In terms of unpaired electrons berylli px | 
S beryllium would 
inert gas (valency = 0), boron might be E I Pegawe " an ` 
(valency = 1) and carbon would be divalent (valency = 2). In actual iip 
however, Be, B and C are divalent, trivalent and quadrivalen ual practice, 


» ; 
n 1| 7 2p, 2p, 
pO TREES Mes il М: 

^ т Eu ДӘ uic 
ke asterisk denotes the excited state of the atoms. The excited structure for 


н give three bonds involving p-orbitals which would be at right. 
hip. к other together with a single bond involving an s-orbital. CH, for . 
Es бо: be expected to contain three s-p bonds mutually at right angles, 
| uk сы s-s bond. It is well established however, that the four bonds in 

Чуен alike. Similarly in BCI, all the three В-С1 bonds аге identical or 


| T ; : 
In account for the equivalence of bonds, the concept of hybrid orbitals was 
“Qual èd by Linus Pauling. He assumed that the atomic orbitals having nearly 


“bid a T Of equivalent orbitals, having same shape and energy is known as 
“cond, On. The Orbitals so formed are calléd hybrid orbitals and are designated 
? the number of mixing orbitals. - 
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Mixing Orbitals No. and type of Type of 
Hybrid orbitals Hybridization 
produced. 


One s-and three p Four sp? orbitals 
One s-and two p Three sp? orbitals 


One s-and one p Two sp! orbitals 


The case of carbon and its compounds is of great importance, for carbon 
forms such a wide variety of well known organic compounds. The various types 


of hybridization are therefore, discussed below with special reference to carbon 
compounds, 


| sp’ (Tetra hedral) hybridization: Combination of one s— and three p- 
orbitals to produce four sp! hybridorbitals is known as sp or tetrahedral 


FIGURE 4.10 


(a) A Sing sp'hybriq orbital. 


(b) Four tetrahed 


rally rbitals- 
(The smaller lob ly disposed ep hybrid o 


98 are not shown). 
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hybridization. (Fig. 4.9). The hybrid orbitals are different than the pure s — or p- 
orbitals; they possess the character of both s— and p- orbitals in the ratio of 1:3. 
Sp’ orbitals are directed towards the four corners of regular tetrahedron in which 
each angle is 109°. 28°. (Fig. 4.10). These orbitals can form stronger bonds than 
either s-or p- orbitals because of their size they can overlap more effectively. Sp? 
hybridization occurs in the saturated compounds in which the carbon is attached 
to four atoms. In methane, CH,, for example Is- orbital of each hydrogen atom 
overalp with 5р? hybrid orbital of the carbon atom to form four si gma bonds; the 
bond angle in CH, is 109°.28 (fig. 4.11). Other similar, symmetrical molecules 
involving sp? hybridization are CCI,, SiCl,, SnCl, etc. All such molecules have 
tetrahedral geometry like methane. 


high density associated with 
shared pairs of electrons 
(oribital overlap) 


^  Methane 


FIGURE 4.11 
Orbital overlaps in methane between 
BETA -orbi i d 
RA density associated with hydrogen Js эө (spherical) ап 
red pairs of electrons carbon sp? orbitals. 
(огіь ат overlap) | $ 


Sp (Тг igonal) hybridization: The mixing of one s- and two p- orbitals 


‘duce three sp? hybrid orbitals is referred to as sp? or trigonal hybridization. 
„990 orbitals are co-planar and directed towards the comers of an equilateral 
her (fig. 4.12). sp? orbitals are 


ngle (tri ; о 
gonal) at angles bf 120° to each ot 3 
Шел than zn 4- le or p — orbitals and. they are considered to have a 


ter that is one third s and two thirds p. ‘The fourth pure p — orbital which is 


Ved in hybridization remains unhybridized at right an gles to the plane of 
sp? orbitals can also form stronger 


lin 
the Sp? 
overlap more effectively with the 


bonds orbitals (Fig, 4,12). Like sp? orbitals, the 
Whi), 22050 On account of their size, they can 
5 Of the other atoms, 
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(c) 


FIGURE 4.12 . 

(a) A single sp hybrid orbital 

(b) Three sp orbitals viewed from above 
(c) Un-hybridized p-orbital at right angles 


зр? hybridization provides a good model for describing the geometry of the 
molecules which contain carbon bonded to only three other atoms or groups, 


such as ethylene (C,H,) or benzene (C,H.). These molecules are considered to be 
flat with bond angles of 120°. | 


In ethylene, one of the sp*orbitals overlaps with an spè orbital of the second 
carbon to forma sigma bond. The other sp? orbitals of the two carbon atoms each 
overlaps with the Is orbital of a hydrogen atom, to form four sigma bonds. The 
unhybridized 2p orbitals of the carbon atoms now overlap above and below the 


т 


Р 

н и beg" м 

— ONN 
QUE 


FIGURE 4.13 
Molecular orbital diagram of Ethylene 


P 
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bond (Fig. 4.13), C i | 
plane to form a л ‚ Carbon-oxygen ( X = О), carbon-nitrogen 
(С=МӘ and other double bonds are formed in the same way. The two bonds Gis 
sigma and one pi) making up the double bond are not equivalent to two single 


(sigma) bonds. It may be pointed out here that Boron also utili T 
bond making (Section 4.9), n also utilizes sp? orbitals for 


sp (diagonal) hybridization: The hybridization of а s- and a p- orbital leads to 
two уы orbitals known as sp orbitals. These orbitals are co-linear at an angle 
of 180° which provides maximum Separation and overlap (Fig. 4.14). The 


unhybridized two p-orbitals (2p,, 2p,) remain at right angles to the plane of the 
hybrid orbitals (Fig. 4.14). 


(a) Single sp hybrid (b) Two Co-linear sp hybrid orbitals 


orbital. 


unhybridized 
P-Orbitals 


P 

i D 

Á © FIGURE4.14 | 

YJ врһургіа orbital with unhybridized 
Р,, Р, orbitals. 


| | ini try of the 
SP hybridization has been very useful in explaining the geometry o 
Molecules which contains eed to two other atoms or groups such as 


yne or acetylene (C,H,). 


orbitals overlaps with one sp orbital of 


In | jne of the $f 
hes *thyne molecule, one of the sp d, while the two remaining sp orbitals 


“ond carbon to form a sigma bon 


a 
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form sigma bonds with hydrogen atoms. The unhybridized p-orbitals Overlap j 
parallel manner and two pi bonds are obtained in planes at right angles shove 
below and on either side of the linear molecule (Fig. 4.15). like carbon, Berylliu 
utilizes sp! orbitals in bond making (Section 4.9). M 


FIGURE 4.15 
Bonding in Ethyne molecule 


9) ae par бий зо (0). Hybrid orbital model. 
e assumptions of these models summari К uide 
lines to explain the shapes of molecules, Цетег 
The electron pair repulsion model: 
covalent molecule is due to SIGWICK апа POWELL 
. 1940). 
They pointed out that the shapes of molecules DE М се by 
the repulsion between the electron pairs present in valency shell of cente? 
atom. 


This approach to the structure of? 
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The main postulates of this model or theory аге: 


|, There may be two types of electron pairs Surrounding the central atom 

(a) Bond Pairs: These are the result of the sharing of unpaired — — 
electrons of central atom with unpaired electrons 
of surrounding atoms. These are also called 
| ACTIVE SET OF ELECTRONS. 
(b) Lone Pairs : These are the paired electrons, which have not taken 
оме Pare! part in sharing. They are also called NON- 
Oo H BONDING PAIRS. They are also considered to be 

AC aevo ғым. ACTIVE SET OF ELECTRONS. 

2. Being similarly charged (i.e. negative) the bond pairs as well as the 
lone pairs repel each other. | 

3. Due to repulsion, the electron pairs of central atom try to be as far 
apart as possible, hence they orient thetnselves in space in.such a manner 
that force of repulsion between them is minimized. 

4. The force of repulsion between lone pairs and bond pairs is not the 
same. The order of repulsion is as follows: 
Lone pair — Lone pair repulsion > Lone pair — Bond pair repulsion 
> Bond pair — Bond pair repulsion. PM 

5. In case of molecules with double and triple-bonds, the л electron pairs 
are not considered to be an active set of electrons, hence not included 
in the count of total electron pairs. 

6. The shape of molecule depends upon total number of electron pairs 
(bonding and lone pairs)It is summarized as follows. 
Number of electron Geometry of Bond Angle Example 


= 


Pairs around central atom Molecule 
Я BeCl,; C,H; CO; . 
2 Linear д o ——4 180 б 
A É . . . 
3 Planar 7 120° Ei CH; SO; 
3 Trigonal a ; 
| ^er CH; NH, HO 
4 Tetrahedral 2%, 109° CCl; CBr, 
& 
is the nature of hybrid orbitals (i.c. 


ТЖ, Orbital Model assumes that it 
“ization) which determines the shape o 


180» *P-hybridization in the central atom gives linear molecule with an angle of 


ka 


f a molecule. 
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sp: hybridization in the central atom gives planar trigonal structure with an 
angle of 120°. | 


sp^- hybridization with no lone pair or non-bonding orbital on the centr] 
atom gives tetrahedral geometry. with bond angles of 109°. 28°. 


sp» hybridization with one nonbonding orbital (lone pair) gives pyramidal 
structure with an angle of 107?. . | 


sp hybridization with two non-bonding orbital on central atom gives bent 
or angular structure with bond angle of 104.5°. 


The larger atoms of Groups VA and VIA such às phosphorus and sul- 
phur do not use sp? hybrid orbitals in bond making, instead they utilize their 
p-orbitals which are mutually at right angles. Such elements form com- 
pounds with bond angles of about 90°. | Å 


Linear Molecules : All the diatomic molecules such as HF, НСІ etc. are linear 
regardless of the number of active electron pairs surrounding the central atom. I 
15 because, thereareonly twoatoms in a diatomic molecule. Molecules containing 
more than two atoms can also have the linear shapes, for example, Beryllium 
Chloride (BeCL) is a triatomic linear molecule with the bond angle 180°. 


6-8-6. 
The Lewis structure of BeCl, is represented as : 
y b: Cl X Be x G . 


Here there are two active sets of de: Ns ду 
А trons surrounding th Ilium atom 
In terms of electro n repulsion model, these pairs must idi š ate far apart 
- possible, that is, the two chlorine ato Ea 


: ; A ms should be А ite side o! 
beryllium which would give the linear stru = a pes on the opposi 
| = 


“In terms of hybrid model, beryllium 


ing (i i | uses its sp - hybrid orbitals in 0 
making (i.e. beryllium is sp-hybridized), ` es Ms sp-hybrid orbital 
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Ве = 152, 252 Excited Is’ 25 : 2p,! Hybridization Two sp! orbitals. 
Both the sp’ orbitals are arranged linearly at an angle of 180°. These orbitals 


overlap with 3p, orbitals of the two chlorine atoms to form two sigma bonds, all 
the three atoms being in straight line (Fig. 4.16). 


XK) 9299 


FIGURE 4.16 


The formation of two a-bonds in BeCl, by overlap of 3px orbitals from two chlorine atom with 
two hybrid sp orbitals from a beryllium atom. 


The linear structure of ethyne (H—C=C—H) has already been discussed 
(Refer sp! hybridization). Likewise CO, and CS, are also linear molecules: 


О= С=О $ = С = 5 
(There аге two-electron pairs on the central atom carbon in each case) 


Planar Trigonal Molecules: Boron trifluoride, ВЕ, is a tetra-atomic planar 
trigonal molecule with the bond angles of 120°. The Lewis structure of BF, ч 
that there are three electron pairs surrounding the central Born atom. In terms o 
electron repulsion model, these electron pairs must be arranged as ш apart as 
Possible to minimize the repulsion, it is achieved by placing three MUR atoms 
at the three corners of equilateral triangle in which each angle is o ; 


F 
ale 20° 


A 


BF, molecule 
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` In terms of the hybrid orbital model, boron atom undergoes sp? hybridization 
producing three sp? orbitals. 


B=1s?, 252, 2p.! Excited 15°, 2s!, 2p, , 2p, ! Hybridization Three sp? orbitals, 
These orbitals are arranged trigonally in one plane (Coplanar) (Refer sp? 


hybridization). By overlapping with 2p orbitals of fluorine atoms, the 5р? orbitals 
form three sigma bonds giving BF, the planar trigonal structure. (Fig. 4.17). 


* 3(2P,) 
of Fluorine 


Three sp? orbitals of Boron. 


FIGURE 4.17 


The planar trigonal geometry of Ethene has already been discussed in sf 
hybridization. Sulphur dioxide, SO, and the carbonate ion, CO,”, both have 
planar trigonal geometry because both S in SO, and C in CO,* have three active 
sets of electrons surrounding them. | 
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Tetrahedral Molecules : Methane, СН, is a tetrahedral molecule with bond 
angles 109°.28' (See Fig. 4.11) The Lewis structure of CH, is represented as : 


Н 
H ¥CxH 
H 


In terms of electron pair repulsion model, there are four active sets of 
electrons: surrounding the central carbon atom. In order to give maximum 
separation and minimum repulsion, the four hydrogen atoms must be directed 
towards the four corners of tetrahedron. 


In terms of hybrid orbital model, carbon uses sp? orbitals to form sigma 
bonds with the hydrogen atoms as shown in the Fig. 4.18 (It has been discussed 
in sp’ hybridization). Like wise all the compounds of CX, type such as CCL, 
CBr, etc. are tetrahedral with bond angles of 109°.28’ 


Molecular orbitals 


Overlap of atomic 
orbitals 


FIGURE 4.18 
he Structure of the methane molecule (the small lobes of the sp? orbitals have been 


Omitted for simpl icity). 


Shape of Ammonia : The Lewis structure of NH, shows that the ога оа 
en is surrounded by four electron pairs. In term of electron repulsions 
"El the tetrahedral е gives the maximum separation as in the case of 


№. 
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CH,. However, there is one lone pair electrons on nitrogen which Tepels the 
bonding pairs with the result that angle is reduced from 109? to 107°, 


FIGURE 4.19 
Shape of NH; molecule. 


IS O° ae 
_ Three Hydrogen atoms ww 
Sp! orbitals of Nitrogen n 


FIGURE 4.20 
Shape of NH, molecule. 


The electrons in the non bondi i 

- ng Orb 
nucleus, and hence they are not held as Tum 
orbitals which are associated to two nuclei; 


occupies large volume of space. The larger orh; | : 
orbitals slightly reducing the bond angle X the NEL as тартезгез the bonding 


are associated with only ont 
à as the electrons in the bonding 
onsequently the non-bonding orbital 
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shape of H,O : As per Lewis Structure, the central atom oxygen is surrounded 
py the four active sets of electrons and according to the electron pair repulsion 
model, thetetrahedral arrangement would give maximum separation and minimum 
repulsion. However, the bond angle (H— O—H) is 104.5° (Fig. 4:21). The 

deviation in the angle is due to the presence of two lone pairs as explained in case 

of NH,. The repulsion of the lone pairs and the bonded pairs reduces the angle 

from 109° to 104.5°. 


FIGURE 4.21 
Shape of H,O 


In terms of hybrid orbital model, oxygen utilizes two of its sp! orbitals to 
form sigma bonds with the two hydrogen atoms, leaving two non-bonding 


orbitals on the oxygen. 


0 &2(1s) 


С VS Two Hydrogen atoms 


Four sp: Orbitals oxygen 


FIGURE 4.22 
Shape of H,O 


ng orbitals occupy the large volume of 


As ex lai 2 О паі 1 
Ste henee haa ee the non Bong orbitals and reduce the angle H-O-H in 


| e, hence they compress the bonding 0 


b. 
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water to 104.5? giving angular or bent structure (Fig. 4.22). 


Likewise, sulphur dichloride, SCI, is the angular molecule. 


* 4.11 HYDROGEN BOND 


Besides tneionic andcovalent bonds which are the normal or primary bonds, 
there exists another type of. bonding based on physical interaction of 


hydrogen atom called hydrogen bond. c 

When hydrogenis bonded to highly electronegative element Such as nitrogen, 
oxygen or fluorine (e.g. NH, H,O, HF), the molecule will be polarized and 
becomes dipolar. The slightly positive hydrogen atom 15 attracted by the 
slightly negatively charged electronegative atom (№ - НУ, O*- - H*, F- - H*). 
Anclestrostatic attraction between the neighbouring molecules is set up when the 
positive pole of onc molecule attracts the negative pole of the neighbouring 
molecule. This type of attractive force which involves hydrogen is referred to 25 
hydrogen bond; it is sometimes known as protonic bridge. To distinguish a 
hydrogen bond, it is best to write itas dotted line. The hydrogen bond causes the 
association of molecules as shown in fig. 4.23. Hydrogen fluoride and wa- 
ter, for instance are represented as (HF), and (H50),. 


p E. 
uà. oc om... Q—n 


u^ 
| 


Se 


5- 
—— He ee t 


5+ 
H 


FIGURE 4.23 | 
Association of HF and H,O through hydrogen bonds 
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Notice that within molecules, atoms are joined by strong covalent bonds but 
between the neighbouring molecules, hydrogen bonds exist. Thus hydrogen 
bonding isnothing butinter molecular attraction. The tendency to formhydrogen 
bonds increases rapidly from N-H through O-H to F-H and decreases from F-H 
toCl-H and from O-H to S-H. Thus the tendency of a molecule to from hydrogen, 
bonds depends upon its ionic character which in tum depends u pon the difference 
in electronegativity (AEN). Fluorine with the highest electronegativity forms the 
strongest hydrogen bonds. The bond strength (bond energy) of HF, HO and NH, 
(that is, for H...... | Bids bation O and H...... N) is 41.8, 29.4 and 8.4 KJ mole" 
respectively. However the greater number of hydrogen bonds known are those 


which unite pairs of oxygen as in H,O. | 


Although the hydrogen bonding is the strongest of the secondary bonds, it 
is still weaker than a normal covalent bond. Itis evident from the fact that bond 
energy of hydrogen bonds is 20-40 KJ mole"! as compared to the bond energy of 
150-500 KJ mole" for normal covalent bonds. 


The hydrogen bonding greatly affect the physical properties of molecules. 
For example, the first hydride in groups. VA, VIA and УПА of the peri- 
ойс table (NH,, H,O and HF) have higher melting and boiling points than 
the other hydrides of these groups (e.g. PH,, H,S, НСІ etc) as shown in the 


fig. 4.24, : 
Note that although fluorine is more electro negative than oxygen, water has 


ahigher boiling point than hydrogen fluoride. This is because, the oxygen atom 
zi two non-bonded pairs of electrons and there are two polar hydrogen atoms 
(H=) present enabling three dimensional bonding, where as in hydrogen fluoride, 

“tis only опе polar hydrogen atom and itis therefore only possible for chains 


Of limited length to form. 


The most interesting impact of hydrogen bonding is seen in the crystal 
el ice which tis ARUM behave abnormally from О°С-4°С. Crystal 
N ure of ice shows a tetrahedral arran gement of H,O molecules. Each oxygen 
thoy, rounded tetrahedrally by four others, 1, 2, 3, 4. The hydrogen bonds 

n by dotted lines (Fig. 4.25) link the pairs of oxygen atoms. 
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FIGURE 4.24 | 
The көн melting and boiling points of water, hydrogen fluoride and 


FIGURE 4.25 
Crystal structure of ice. 
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The arrangement of the water molecules in ice is an open structure and due 
i larger volume, ice 1s less dense than liquid water. When ice melts some of the 
hydrogen bonds are broken and the molecules pack more closely together so that 
water has a higher density. This breaking down process is not complete until a 
temperature of 4°C is reached at which water has the maximum density. On these 
basis, the anomalous behaviour of water can be explained, that is, water when 
heated from o? to 4*C contracts and when cooled from 4°Cto 0°C, waterexpands 
(contrary to the behaviour of other liquids). 


PROGRESS TEST 4 


1. Describe the main types of bonds. What physical properties are associated 
with the molecules containing these bonds. 

2. Whatis polarcolvalent bond? Do all polar molecules contain polar covalent 
bonds? Do polar covalent bonds necessarily have polarity on a polar 
molecule as a whole? Support your answer with more specific exaraples. 

3 Distinguish between the following: 

(i) Atomic orbital and molecular orbital. 
(ii) Sigma and pi bonds. 
(iii) Valence Bonds theory and Molecular orbital theory. i 

4 Whatdo you understand by the term Dipole moment? Explain the significance 
of dipole moment. 

5. What is meant by sp? hybrid orbital 
orbitals? 

б. Describe how electronegátivity of atoms can be us 
bond formed between two elements. Explain givin 


Write note on Bond energy. 

8. at are the most important secondary bonds present in H,O ША НЕ 

у Molecules? How do they affect the physical properties of ats 88 
` “OW Can the theory of electron pair repulsion be used to rationalize the snape 


ot simp] 
l ple molecules. 
| j *ryllium chloride has a linear shape where as water н [ш күк 
| s Account for this difference in terms of electron pair repu 
ns nid orbital model, | 
P dict the Shapes of the following molecules: 


^ PH, HLS, SCL. 


s? How do they differ from s - and p - 


ed to predict the nature of 
g examples. 
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CHAPTER 9 


ENERGETICS OF 
CHEMICAL REACTIONS 


It is a matter of common observation that most of the things around us are 
in a continuous state of change or flux, These changes are important for all of us 
and we leam a great deal by looking atthem and studying them carefully. One of 
the most observations is that all chemical changes are accompanied by important 
change in energy, that is energy is either absorbed or evolved. Heat energy is the 
most common form which is manifested in chemical reactions. Besides heal, 
other forms of energy are mechanical, electrical, chemical, radiant etc., which are 
stored in all substances. 


A study based on the pnnciple of conservati 
Thermodynamics. The laws of Thermod 
Chemistry and Engineering. 


on of energy is known 8 
ynamics are successfully used in Phys! 


Chemists are interested in the chan 


. ° y 1 t 
Bes in materials and energy !? th 
chemical reactions. 


Chemical reactions which are accompanied by energy changes with the 
material changes, are generally known as Thermochemical reactions. I! ! y 


chapter we are concerned with the energy changes taking place in chemi¢ 


reactions in an elementary way. Thermochemical reactions are classifi 
(i) Exothermic reactions and (ii) Endothermic reactions | 
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(i) Exothermic Reactions : The chemical reactions which are accompanied by 


the liberation or emission of energy are called exothermic reactions. All combustion 
reactions are exothermic reactions. 


e.g. C * O, — СО, + heat 
CH, + 20, — CO, + 2H,O + heat 


(i) Endothermic Reactions : The chemical reactions are accompanied by the 
absorption of energy are called endothermic reactions. 


e.g. C+2S+heat —> CS 


2 
H,+I,+heat —> 2НІ 


Theheat evolved ог absorbed during chemical reactions depends upon 
(1) The amount of Chemical substances involved (2) The physical states.of the 
substances involved (3) The temperature and (4) Whether the reaction occurs at 
constant pressure or constant volume. 


à THERMODYNAMIC TERMS (SYSTEM, SURROUNDINGS AND 
ATES) 


The properties or changes of the matter are usually investigated by 
controlled experiments. Any real or imaginary portion of the universe or 
3 thing which is under examination or under consideration in the laboratory or 

Where is called a system. The environments of a system or all the remaining 
"on Of the universe which may act on the system are known as surroundings. 
коа and surroundings are separated from each other by real or imaginary 
К © Рог instance, when the hydrolysis of an ester is carried outina E 
li the А àced іп а thermostat then the contents of the flask is the system, the flas 

еа| boundry and the thermostat is the surrounding. 


мате Properties of a system in bulk, rather than that of the part of the system, 
hare 
Prescum Сау measurable are known as the macroscopic properties e.g. 


t ... 
' "'?Perature, volume, composition etc. 


< 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 
156 


The properties of a system may be divided into two main groups (a) Intensive 
properties and (b) Extensive properties. 


(a) Intensive Properties : It is a characteristic property of the system and is 
independent oftheamountof material concerned. Density, pressure, ternperature 
viscosity, surface tension, refractive index, meltin g point, boiling pointetc are the 
examples of Intensive properties. 


(b) Extensive Properties : It is the property that depends upon the amount of 
the substance present in.the system. The change in the extensive property is 
proportional to the change in the quantity of the material in the system. If the 
matter in a given system ata given condition is divided into two equal parts, the 
values of the extensive properties will become half of the original values. Mass, 
volume, Mole numbers, the Enthalpy, the entropy, the internal energy, the Gibb's 
free energy etc are the examples of extensive properties. 


These Macroscopic properties give description of materials under a given 
set of experimental conditions. A system is said to be in a definite state when each 
of its properties has a definite value and thus the system is completely defined. 
The description of the system betore it suffers any change is called as the initial 
state of the system while the description of the system after it undergoes a change 
is known as final state of the system. Changes in the system, therefore will be 
described by comparing the final and the initial states of the system. In other 
words, the change in state of a system is completely defined when its initial and 
final states are specified. For example if T, is the condition of temperature at the 
initial state and T; is the condition.of temperature at the final e TE | 


Т — T, = AT which is the change in temperature of the system. Similar! 
V, - V,=AV is the change in volume, E, —E, = AE is the change in the inte™ 
energy of the system and so on. 
Thus, | 
Change in the property of a system = value of a property in the final state - value of the gam? 
property in the initial state. 


5,2 FIRST LAW OF THERMODYNAMIC (ENERGY CONSERVATION 


841.1 
hang? 


A 


First law of -Thermodynamics was enunciated by Helmholtz in 1 
states that energy can neither be created nor destroyed, although it may € 
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from опе form to another, in Other words the total energy of a system and 
is surrounding must remain constant, | 


For the mathematical derivation of First law of Thermodynamics, imagine 
a system whose internal energy in the initial state is E,, let a quantity of heat 'q' 
from the surroundings be absorbed by the system and does some work "W' on the 
surroundings while the internal energy changes to E,, due to heat and work 
operations, then the change in the internal energy (E, - E,), according to First law 
of thermodynamics is given by ; 


ЕЕЕ БУЛЕ ТЕ (ОРЕ 0 LLL (i) 


This is the mathematical statement of first law of thermodynamics. AE 
depends only on the initial and final states of the system. 


Pressure - Volume Work : Considera cylinder ofa gas having an area of cross- 
section 'A' fitted with a frictionless and weight less piston (Fig. 5.1). If the 
Pressure on the piston is P, then the total force 'f' acting on the piston would 
be PA, since pressure is the force per unit arca (P=f/A). If the piston goes up 
through a small distance ‘dl’, then the workdone 5W is given by as, E 


Р 
` 4 
Ж d УУУУ 
у A 


Thus W = PAV 
The Value of workdone '"W' is substituted : vi 
SUD the equation of First law 
“tmodynamics becomes as ENE 
" FIGURE 5.1 
9=ДЕ+РДУ -+-+ $t 


3l reactions may take 


The ahaa ing chemic 
S6 л eat during спе ^ 
rption or evolution of h Let us consider these 


Proce а » Constant volume and (b) at constant pressure. 
“Ses in some details. | 


~ 
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(a) Process at Constant Volume: Let 9, be the heat absorbed at constant 
volume and at constant volume AV = О, So PAV also becomes zero, hence 


ur ——ÀÓ 


_ Thus іп the process carried at constant volume, the heat absorbed or evolved 
is equal to the energy change i.e., AE. 


(b) Process at Constant Pressure: Since most of the chemical reactions in the 


laboratory are carried out in open vessels, so chemists are more interested in the 
processes that take place at constant pressure. 


' Let q, be the heat absorbed at constant pressure, then the eq. (2) remains 
same i.e. 


= AE + PAV 
ы, =Е,- -E and AV =V, =; , SO 
-(É -E) *P(V,- V) 
* RN, LYE, +PV) ---—-------- (4) 


A new function, 'H' called enthalp 
" y (Heat content) is introduced to express 
therraal changes at constant pressure. This function is mathematically defined as 


H=E+PV. Since E, P and V are state functions, so 'H' is also state function and 


‚ is dependent on the initial and final states. 


Thus 
E, + PV, = 
and E, + PV. = =H, 
Substituting the values i in eq. (4), We get 
q, 7H, —H, «AH ~—~------ (5) 
“AH = AE + PAV eee ae (6) 


5.3 Signof AH ` 


AH is the change in enthalpy AH is the ch m 
Ten . aracteristic property of a sys! 
and depends on the initial айй final states of a System Les а the means 
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py which the changes are. brought. For all exothermic processes, AH would be 
negative and for all endothermic process, AH is positive. 


e.g. С+о, ә CO, AH = -394 KJ mol"! 
С +25 > CS, AH = + 117.6 KJ mol! 

A summary of exothermic and endothermic reactions explained in terms of 
heat content is diagrammatized as follows: 


REACTANT PRODUCTS 


| 


AHs +VE 


l 
| 
I 
! 
1 
! 
! 
' 
| 
D 
' 
! 
I 
і 


HEAT CONTENT Н 


PRODUCTS 


EXOTHERMIC R " A ENDOTHERMIC REACTION 
EACTON — URB 52 


$, 
4 THERMOCHEMISTRY 


aa Specific application of the first law of themodynamics is ds e oe 
ine al reactions is referred to as thermochemistry. Thermochemistry а swi | 
пао теп! or calculation of heat absorbed or given Outen E ee 
бше 1 The unit of energy is calorie and kilocalorie. The S.I units are however 

and kilo joules, 


5 I | 


© Н. Hess (1840) discovered a very important generalization which is ; 
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known as Hess's law. It states that the heat evolved or absorbed in a given reaction 
must be independent of the particular manner in which the reaction takes place, 
it depends only on the initial and final states of the system. In other words, if 3 
chemical reaction is made to take place in two or. more different ways, whether 
in one or several steps, the amount of the total enthalpy change will be same, no - 
matter by which method the change is brought about. 


. Consider a chemical reaction in which reactant 'A' changes to the product 
D'ina sin gle step with AH as the heat change (Enthalpy change). It may proceed 
through different intermediate stages i.e. 'A' first changes to 'B' with heat change 


аз AH, 'B' then change to 'C' with heat change as AH, and finally 'C' 
changes to 'D' with heat change as AR, 


According to Hess's law, AH = AH, € AH, + AH, 


FIGURE 5.3 


: | -49 KJ in the see” 
wl sp бе ишу cuni ae, i кып 


p” 
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а 0,+H,O 
+ АН 2-90 KI/mole, i 0; | 
NaOH 2 
| is) 
| AH, = -49 КЈ/тоіе x 
NaHCO, + NaOH ы. 
FIGURE 5.4 


Hence according to Hess's law 


AH = AH, + 
ie. AH =—49 -41 = -90 KJ/mole 
Application of Hess's law:- Thermochemical equations may be added, 
subtracted and multiplied like ordinary algebraic equation, therefore Hess's law 
of constant heat summation is important in Thermochemistry because it helps 
in calculating heat of reaction, heat of formation in-such cases where direct 
measurement is not possible. 


56 HEAT OF FORMATION. 

The heat of formation of a compound is defined as the change of enthalpy 
when one gram mole of the substance is formed from its elements. 

The standard heat of formation is the heat of formation when ali the 
Substances involved in the reaction are each at unit activity (i.e. at 25°C and one 
atmospheric pressure). | 


The heat of formation is generally represented by AH,. For example, the 
heat of formation of CH (C + 2Hj) is-74.9 KJ/mole. It can be calculated from 


Ne following data: 


(i = 
| Cat 2H, PACHI, | АН =? 
(ii) | 12 

e * О + СО АН, *—394 KJ/mole 


(iij) H 1 | = | 
др + p Оо HO, АН = —286-KJ/mole 


(ү) 
Dig +20, о CO,» + 2H,0; АН „= -890.34 KJ/mole 


h. 
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In order to obtain the heat of formation of Methane, multiply eg (iii) by 2and 
add in eq (ii) 


Са+О 9 СО AH,.«.- -394 KI/mole 


2H atO > 29,0, АН = -572 KJ/mole 


C +2Н, + 20,6 > СО, 6+ 29,0, АН, = -966 KJ/mole—(v) 


Finally subtracting €q (iv) from eq (v), we obtain 


CH, + 
NC pt ES 0,+2 ,0 AH sec = —890.34 KJ/mole 


C * 2H, La CH, 


Г АН, „с = -75.66 KI/mole 
15 is the h j | 
eat of formation of CH, which we can not measure directly 


PROGRESS TEST 5 
What do you unde s 


rsta 
Illustrate with an e AUTO хац 


$ s 
xample ystem, surroundings and states? 


intensive Properties, 
Freeenergy, Vapour pressure 


.Tem 
energy, Melting point perature, Surface tension, Mass. Internal 
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(b) Calculate the heat of formation of acetic acid from the following data. 


2C st 2H, + Oy 


CH,COOH,  AH,-?— (1) 


C + Oi, —— Сол, АН. = 394 KI/mole (2) 
Н+ 0 —— HO, AH,,... = -286 KI/mole (3) 
CH COOH +20, ==  2CO0,, «2H, AH, = -870.8 KJ/mole(4) 


(Ans: -489.2 KJ/mole) 


5. (a) Define and explain the terms (i) Exothermic process (ii) Endathermic 


process (iii) Heat of formation. 


(b) Calculate the heat of formation of Ethane at 25°C from the following 


data 
: a E 
| М Е cd ae —394 00 KJ/mole 
ү Hy y T de H,O() АН = 286.0 KJ/mole 


№) CH. £40, 


2С0,,+39,0(1) AH= -1560.632 KJ/mole 


(Ans: 85.368 КЈ/ mole) 


6. 


(a) Show that the product of pressure and volume, PV has the dimension 

Of energy. - кү; | : 

(b) In a certain process 848J of heat is absorbed by a system, while 394] 

of work is done on the system. What is the change in the internal energy 

for the process ? ! (Ans: 12427) 

(a) If 1800 cals, of heat is added to a system while system does work 

*quivalent to 2800 cals by expanding against the Е What is 

the value of AE for the system? (Ans: аса g 
Ina certain process, 500J of work is done ona system which gives o 


2007 of he; atis ue of AE for the process ? 
eat. What is the val (Ans: 3007) 


b. 
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CHAPTER-G 


CHEMICAL EQUILIBRIUM 
6.1 EXTENT TO WHICH REACTIONS mad 


All the chemical i 
reactions do n 
to completi ot Proceed to the same extent, some proceed 


NaCl + Ag NO, 


—>_ N 
Reactants Neh AgCI 


Products x: 


The double arrow (<=); 
=) indic 
the forward (left 1o right) and pikes the reaction is reversible and that bo! 


simultaneo Tight to oc 
ul usly. Some examples of reve i t to left) reactions can occu! 
Tslole reactions are o; w: 
given below : 
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i) formation of Ethyl acetate (ester). 


CH, COOH + C;R,OH ==> CH, COOC,H, + H,O 


( 


(ii) Dissociation of Hydrogen iodide, 
НІ 2 H+L 


(iii) Dissociation of Phosphorus pentachloride 
PCI, == PCI, + с, 


(iv) Hydrolysis of Bismuth chloride 
ВІСІ, + H.OH == BiOCi «2HCI 


(v) Synthesis of ammonia by Haber process 
N, + 3H, = 2NH, 


6.2 EQUILIBRIUM STATE 


In a reversible reaction, both the changes, forward and the reverse occur 
simultaneously. Under these circumstances, a reaction might come to some kind 
of ‘balance’ in which the forward and reverse reactions occur at the same rate. 
Consider, for example, the following homogeneous reaction (ie. entirely 
liquid or entirely gaseous). ` 


A+B == t+ D 


In the beginning, forward reaction predominates, butas soon as C and D are 
Оте, the reverse reaction ‘builds up’ until equilibrium position is reached 
Where the forward as well as the reverse change proceeds with the same fate. 

The equilibrium state of a chemical reaction, however, differs from these 


à i n a table are ina 
i x ы examples, The children on a see saw or a note book 0 


isan (static! equilibrium, but the chemical eun USE RM : 
in, librum involvi i anic 
Шур], “Шит involving the constant inter change of p 


ing Si In static 
4, ^ the balancing of two reacuonsoccurring simultaneously). | 
Mibrum, ж SIE the fact that the children or the book are in 


= — ë |d 
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equilibrium, but in dynamic equilibrium we can't observe the individual particles 
involved. 


Although the idea of reactants and products is confusing in a reversible 
reaction, at equilibrium point, all the substances involved are present. That is to 
say that an equilibrium mixture is formed. The composition of this mixture 
remains constant due to same rate of forward and backward change. At this point, 
it apparently appears as if the reaction has stopped because we don't see an 
increase in the amount of products. But as mentioned earlier, a reversible reaction 


never stops — itis dynamic. The equilibrium state.does not change with the lapse 
of time. 


Concentration remains constant - 
i equilibrium is established 


Products - 


Reactants 


g 
2 
S 
5 
z 
о 
о 
Б 
Q 
O 


-te = Time of equilibrium 


Fig.6.1 
6.3 THE LAW OF MASS ACTION (EQUILIBRIUM LAW) 


In 1864, the Scandinavian scientists, Guldberg and Waage formulated ? 
generalization regarding the effect of concentration on reversible reactions ЇЇ 
equilibrium, Tt is known as the law of mass action or law of equilibrium. It states 

that: | 


"The rete at which a substance reacts is proportional to its active 
mass and the rate of a chemical reaction is 


А roportional to the 
product of the active masses of reactants." HR 
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The term active mass’ means the concentration in terms of moles/dm? 
(moles/litre). For example, the active massof 4 gm Н, is 2 moles/dm? and it is 
represented by means of square brackets such as [H,] = active mass of H, 


To derive the expressions of Equilibrium Constant, K. In oder to find out 
iheinfluence of concentration on chemical equilibrium. it is esser tial toderive the 
expression of its equilibrium constant which is denoted by K, or К. Let us, 
for instance, apply the law of mass action io the following general reversible 
reaction in which 'm' moles of A and 'n' moles of B react to give 'x' moles 
of C and 'y' moles of D. 


mA+nB == XC+yD 


Rate of Forward reaction œ [A]™ [B]" | 
= К,|[А)"[В'..@ 


Rate of reverse reaction œ [С]'[О)/ 


= K,[C]'(DV.....(i) 


Since, at equilibrium state, 
Rate of forward reaction = Rate of reverse reaction 


() = (ii) 
К, [АЈ [B]? = К, С)" [D 
Or K, < [C] (DP 
K, x=. [AT IBI 
О Е _ (uU 
У [A]" [B" 


asses cf products are placed 


This 1 | ° 1 i m 
; e active : 
i I$ the expression of K,, in which eactants are placed in the 


c й : T 
tomina erator while the ecu maur ratio of active masses of 
odus 07. In other words, equilibrium cons he reaction РС\ х= PCI, + Cl, 
and reactants at equilibrium. Thus, for t 


[PCI,] (PCI). 


K ue d. ue 


[PCI] 
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In case of gaseous equilibrium, a partial. pressure is used instead of 
concentration because at a given temperature, partial pressure of а gas is 
proportional toits concentration. In this case, the equilibrium constantis expressed 
as K, instead of K,, for example, consider the following gaseous equilibrium, 


Ag + BOR C, * Po 


(Р) (Р) 


» Where P, Pa» Рс. P, are the partial pressures of 
gases A, B, C and D respectively. 


Relation between K, and K,: 


[P] [P,] 


(i) K,=K, in these cases where there is no chan ge in volume such as 
Harl e 
1 Vol. 1 Vol. 2Vol. 


(ii) K, >Ke when reactions occur with iner 


ease in volume such as 
2МН, 2 №, + 35. 
(iti) K, < Ke when there is decrease in vol ; 
280, + О, 2:280, р Se nan 


6.4 DETERMINATION OF EQUILIBRIUM CONSTANT 


The value of-equilibrium constant Y - 
ant "nO 
concentration of reactants. In order to finde ue Ot depend upon the pe 
the equilibrium concentration of reactants an Мс have ta fin 


examples: ЧЕ d products. Consider the following 


1, Ethyl Acetate Equilibrium : 


Acetic acid (an organic acid) reacts with att 
(an ester) and water. ethyl alcohol to form ethyl ace 


Esterification 
COOH + CHOH :zzz——— 
CH, С j H peun CH,COO С, H, «T 4,0 


A 
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Known masses of acetic acid and ethy] al ken i 

fask, Let it be a moles/dm? acetic acid са оризова Я 
vilibrium establishes after some time, the Contents of the flask are cooled ^ 
quenched' by adding crushed ice to 'fix' the equilibrium. Since DER 
шхше consists of unused reactants as well as the products, hence баа f 
the acid left at equilibrium is determined by titrating it against standard ИЕ 
ofsodium hydroxide. Suppose the amount of acetic acid consumed at equilibrium 
ix moles/dm? which means the acid left at equilibrium is (a-x) mole/drr?. Note 
‚ inthe above equation there is 1 molecule of acid, one molecule of alcohol which 
react toform 1 molecule of ester and one molecule of water. In this case, therefore, 
ht amount of acid used up must be equal to the amount of alcohol used, which 
means atequilibrium, the amount of acid left = (a — x) moles/dm?, alcohol = 
(0-Х) moles/dm?, ester formed =x moles/dm? and water produced =x moles/dm?. 


CH,COOH + C,H,OH == CE,COOC,H;+ H,O 
No. of moles at initial state = . а b Nil Nil 
No. of moles at equilibrium state =. (2-2) ‚бф x 


x 
"Xenation at equilibrium state» — 873) — (b-y) E х 
“applying the law of mass action, we get: N М у 


цсн,соос,) [9,0] 
_Ж*е*° Гев COOH (CHOH) 


LA 9,9 У Шал сы 
c^ (ac)(b-) (8-0) b) 
EVE VO 


tic acid and ethyl alcohol 


Ih 
Wee para | 
ine teex ounts of ace 
periments, different am f the equilibrium mixture 


Baye heg to react at constant temperature. Analysis 0 
“lowing results: 


| 


= 
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Equilibrium Conc : (Moles/dm’) 


(CH,COOCH) {н ©) 
W gredi i MM 
Ethyl acetate к; (CH,COOH) [CHOH] 


75x10? 
160x10° 
105x10? 


Ethyl alcohol 


22x 10? 
23x10? 
80 x 10? 
96x10? 


For this system, the value of equilibrium constant, K, is almost constant 
which averages to 4. 


2. Hydrogen Iodide Equilibrium 


Hyt Ly = 2H, 
To start with, suppose there are ‘a’. moles/dm? of hydrogen and ‘b’ 
moles/dm? of iodine which react in sealed bulbs at 444°C in the boiling sulphur 
for some length of time. In order to '(ix' the equilibrium, the equilibrium mixture 
is cooled. The bulbs are opened in the solution of sodium hydroxide which 
absorbs hydrogen iodide and iodine leaving behind hydrogen. Let the amount of 
hydrogen consumed at equilibrium be ‘x’ moles/dm? which means the 210010 
hydrogen leftatequilibrium is (2-29 moles/dm?, Since 1 mòle of hydrogen 1*2: 
with 1 mole of iodine to form two moles of hydrogen iodide, hence the 2101" 
of iodine used is also'x'moles/dm’, Thus 2x' moles/dr of hydrogen jodide a 

_ Present at equilibrium, The equilibrium constant Ke is then calculated: 


Bot Ly = ag 
No. of moles at initial state P 


il 
No. of moles at equilibrium state (cS) AN > 


Concentration at equilibrium state 2%) (be) Ж. 
. 4 ү 
Applying the law of mass action Н M 
1 22 
ur | & 


у Е: 4x2 
DH GA (3 (x) (5-3) 
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In separate experimerits different amounts of hydrogen and iodine were 
to react at constant temperature. Analysis of the equilibrium mixture gave 
the following results: 


Equilibrium Amounts (Moles/dm?) 


0.00456 0.01354 
0.01559 
0.01685 
0.00353 


. For this system K, averages to 54. 


AMPLE 1. 4.6 gm of ethyl alcohol and 6.0 gm of acetic acid kept at constant 
Perature until equilibrium was established. 2.0 gm of unused acid were 
Present. Calculate К. 


CH,COOH + C,H,OH == CH,COOC,H, + H,O 


N " 

® Of moles ar initial state 60 ZONE 46 -01 NIL NIL 

| 60 46 
Su 
n: no. of moles at | | 
2d (0.1-x) .. (0.1-x) x ES. 
Dur; А 

A, “Пав the reaction 2 gms. of acetic acid were left 

hich is 3 ; 


60 =0.033 male 1 


Deer :1-0.033 = 0.067 mole: 
te 0.067 mole of acetic acid and 0.067 mole of ethyl alcohol 


E 
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must have reacted. Hence 0.067 mole of each product (ethyl acetate and 
water) are formed. | 

2. No. of moles at equilibrium state 0.033 0.033 0.067 0.067 
0.003 0.033 0.067 0.067 


— 


V V У v 


0.067 „ 0.067 
_ (CH,COOCH,) [H,O] v * ус 0060x000 _ 


[CH,COOH]ICH,OH] - = A Dos -0033x0033 - 


Conc. at equilibrium state 


EXAMPLE 2, 9.2 gm of ethyl alcohol, 3.6 gm of acetic acid, 1.1 gm of ethyl 
‚ acetate and 9.0 gm of water were mixed and allowed to attain equilibrium. If Ke 
= 4, what was us concentration of the resulting mixture? 


CH, COOH + C,H OHC <> CH,COOCH, + HO 


| 3.6 92 1.1 9.0 
No. of moles at initial state —— 2006, — 202,— 200125, — = 05 
60 46 88 т 


If x mole of acetic acid and x mole of | 
: of ethyl alcoh addi- 
tional x mole of each product (ethylacetate and те E. Peer 
No. of moles at initia] state -n | 
No. of moles at equilibrium state 0.06. 02-n 0 Dios n 
+ 0, 
Concentration at equilibrium state SERES. D-n 0.0125+п 0з 
Ss — 
Nu 


[CH,COOCH, [H,O] Ee 
(СН, СООН] [ C;H,OH] 


p25 +x) ax 


INE 


C< 


К. = 


3x! 1.5525 x +0.04175 =O 
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g by the formula ахї + bx+ С=О 
ЬМ ? — 4ac 
eg ашы 


x 20.49 or x = 0.029 moles 


colvin 


Since the initial amounts of acetic acid and ethyl alcohol are less than 0.49 
moles, hence x = 0.49 is ruled out. In other words x = 0.029 moles. Thus the 
equilibrium concentration of the mixture is given below: 


Acetic acid =  0.06-0.029 = 0.031 mole/dm’ 
Ethyl alcohol =  0.2-0.029 = 0.171 mole/dm? 
Ethyl acetate = — 0.01254 0.029: 0.0415 mole/dm? 
Water = (0540029 = 0.529 mole/dm* 


EXAMPLE 3. In a reaction A* B z22C, when equilibrium was attained, the 
Concentration was [A] = [В] = 4 moles/dm’, [С] = 6 moles/dm’. Calculate the 
equilibrium constant K, and the initial concentrations of A and B. 


Solution, 


® The equilibrium constant of the above reaction is given by, 


kos ЫС 
[A] [B] 


(b) Şi 
~ since form two mole of C, hence 
6 One mole of ole of B react to pA 
xn OF C are CHE ушы ga of A and 3 moles of B. Thus the initial 
"ration 0fAzBzs44327 moles/dm? each. 


a 
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6.5 APPLICATIONS OF THE LAW OF EQUILIBRIUM 


The law of equilibrium is used to calculate the equilibrium constant of a 
reversible reaction. The study of equilibrium expression and its constant Ко іс 
"nd Siek toa chemist or to a manufacturer, Some valuable predictions can 
ipn is à gr accertion. In fact, achemist can control thedirection and the extent 
P ] reaction by changing the conditions through the knowledge ofK.. 

are given the important applications of equilibrium constant: 


a. Кє is used to predict the direction of a reaction. 
№) itis also used to predict the extent to which a reaction occurs. 


(1) To predict the direction of a Reaction : 


The value of equilibrium consta 
direction in which a reaction will Wu die abie aid jn диси the 


; tin order to achieve the equilibri 
> o o z e : 
provided the initial concentration of the reagents involved is r 


Reactants ==> Products. 


As regards to the ratio of the initi : 
(Produc) € Initial concentration of the reagents 


- Г) there are H Е 
[Reactants], tee possible cases, 


(i) Ttis greater than Ke (ii) It is less than К. (im is equal to K 
| с 


(i) In the first case, when - 


| [Products], 


> Kx the reaction will sh; EM 
e on will shift tow section 
[Reactants], ы Owards the reverse direc 


where less quantity of products is obtained and the ratio decreases to the value of 


Pp 
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In the second case when 


(ii) 


products) nis А - j 
LU atia < Ko the reaction will shift towards right where more 
(Reactants) nisat 


quantity of products is formed and the ratio increases to the value of Ko 


(ii) In the Third case, when 


[Products], „у 

(Reactants), isat 
been attained and there is no shifting of the reaction provided conditions are not 
changed. 


= K» according to the law of mass action, equilibrium has 


EXAMPLE 4. The K.for the dissociation of hydrogeniodide at 356°C is 
1.3 x 10. If there are 0. 5 moles/dm? Hydrogen, 1.5 moles/dm’ iodine and 5 
moles/dm? Hydrogeniodide, predict the direction in which the reaction moves so 
as to achieve the equilibrium. 


The dissociation of Hydrogeniodide is represented by the equation, 


2HI,, — A Ld К. = 1.3 x 107 


According to the law of mass action, 


с нуы Пы (05405 Em 


3x 107 


of the reagents 


centrations | 
i ill shift: 


Since ratio O 
the calculated value of the cof Ko hence the reaction wi 


S3X 10? which is greater than the actual valu 
the reverse direction. 
eC is 0.0194. If one 
i MPLE 5, K. for the reaction Ж н ji mel 
R Vessel contains 0.2 moles. Hydrogen, i а 
Ben iodide, predict the direction of react: 


E 
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According to the law of mass action, 


0.2 x 12 2.4 
K MEL TS = — <= 0.0106 
ШШ] ame (15)? 225 


Since the calculated Tatio of the concentration of the products and reactants 


is less than the actual value, hence the reaction will move towards right i.e. 
towards the forward direction. 


(2). To Predict the Extent of Reaction : 


From the value of Kc, we can predict the extent to. which a reaction will 
occur. 1 


In the first case, when the value of Ko 
forward reaction is almost complete. That i 
example ozone, an allotropic form of оху 
20, z*30,.Its К, is very large (105), 


is very large, it is predicted that the 
$ 10 say, the reactant is unstable. for 
gen, quickly decomposes to Oxygen 


In the second case, when the value of Keis very low, itis predicted that the 
forward reaction proceeds with negligible speed. That is to say, the reactant is 
fairly stable. Forexample, hydrogen fluoride unlike otherhydrogen halides (HCl, 
HBr, HI) is very stable. Its dissociation in water is only 8%. That's why 
K. for the reaction 2HF =H, + Еу, is very low (107%), 


6.6 FACTORS AFFECTING BALANCE К 
ОЕ СНЕМІСА 
EQUILIBRIUM (Le Chatelier's Principle), 


The balance of achemical equilibrium isdisturbed by changing factors such 
as concentration, temperature and pressure. Le Chatelier's principle enables 
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qualitative predictions to be made about the effects of the above mentioned 
factors on equilibrium position. This principle was enunciated in 1884 by Le- 
Chatelier. 

“When a constraint or stress in a direction is applied to a system 
in equilibrium, the equilibrium position changes so as to undo the 
constraint" | 


‘By the term constraint we mean the changes concentration, pressure or 
temperature. According to this principle, if one of the factors involved in а 
chemical equilibrium is altered, the equilibrium shifts towards right or left in 
order to restore the balance of equilibrium. | | 


L Effect of Concentration Change : 


By increasing the concentration of any substance present in the equilibrium 
mixture, the balance is disturbed, and the equilibrium moves away from that 


Substance in order to decrease the concentration of the added substance. This is 
ш accordance with the Le Chatelier's principle for the reaction 


А+ BeC +D. 


[C) [D] 
M [A] [B] 


Ke is constant. If, for instance, the 


Without changing the other conditions, the 


concentration of 'A' is increased, K, decreases. To keep K, constant, 
concentration of 'C' and 'D' increases. Thus to get high yield of products, the 


c ; 
WIcentration of cheaper reactant may be greatly increased. 


Effect on equilibrium position 


Change in concentration А+ВгС+О 
| +B2 


Equilibrium shifts to right 


. Equilibrium shifts to left 
A more of A and B is formed. 


ase in conc, of C or D 
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2. Effect of Temperature Change : 


For an exothermic reaction, K, decreases with the rise of temperature, Tha; 
is to say the concentration of products decreases. For an endothermic reaction, the 
rise of temperature favours the high yield of products. The effect of temperature 
on equilibrium can be explained in the light of Le Chatelier's principle, 


In an exothermic reaction, heat is evolved in going from reactants to 
products. Increasing the temperature is a constraint to the equilibrium which is 
remcved by absorbing heat in going from products to the reactants. In an 
endothermic reaction, heat is absorbed in going from reactants to the products. 
Increasing the temperature is the stress to the equilibrium which is nullified by 


absorbing heat in going from left towards right, i.c., from reactants to the 
products. 


Nature of Reaction 
A+B2C+D 


Effect on Equilibrium : 


Equilibrium shifts to left 
i.c. more NO and O, are 
formed. 


Exothermic, 


eg. 


Equilibrium shifts towards 
2NO,, + О 2NO,, 


right and more products 2% 
formed (yield of NO, 
increases). 


Equilibrium moves 10% 
right to give high yield of 
products (NO) 
Equilibriumis driven tovs? 
left and more N, and ©; 
are present in equilibriu 
mixture. 


Endothermic, 
c.g. N, +019 2NO 
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3, Effect of Pressure Change: 


Change of pressure is related to the change of volume. Since solids and 
liquids are almost incompressible, hence their volumes are very Ше affected by 
the changes in pressure. In other words, pressure will only affect gaseous 


equilibria in which there is a volume change. If volume is same on both sides, 
pressure will have no effect on equilibrium. 


Ifareaction proceeds with increasein volume, (2NH,2 №, + 3H.) the increase 
of pressure (constraint) shifts the equilibrium towards reactant side to remove 
the constraint of increased pressure. This is in accordance with the Le Chatelier’s 
principle, 

Ifareaction proceeds with decreasing volume (e. g. PCI, + Cl, = PCI), the 
increase of pressure forces the equilibrium (о be driven to right hand side. 


Change 
in pressure 


Volume involved -Effect on equilibrium position 
mA +nB а x C+yD . 
(fx y > m+n 
Volume of products 

1 greater than reactants 
eg. 20, 20 


Equilibrium moves towards left 
i.c., more О, is present in 
equilibrium mixture. 


Equilibrium position moves 
towrds right, i.e. more О, 
is present in the equilibrium 
mixture. 


Equilibrium position is 
driven towards right, i.c. 
yield of N,O, increases. 
Equilibrium shifts towards 
left, i.e. N,O, dissociates’ 
 moreand more NO, is 
present in the equilibrium 
mixture. 


volume of products is less 


a 7. 
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4. Effect of Catalyst on Equilibrium : 


A catalysthasnoeffecton the equilibrium position, butitenables equilibirim 
to be reached more quickly by decreasing the ‘energy of activation’. In facta 
Catalyst affects forward and reverse rates equally. 


6.7 IMPORTANT INDUSTRIAL APPLICATIONS 
OF LE CHATELIER'S PRINCIPLE 


| ys ambitious in getting maximum yield 
vi е shortest possible time. „Бог this purpose he uses the 
Шопи constant and ier's princi 

most suitable and favourable condition RE тонни 


| s under which the reaction is to be carried, 
How far this knowled | 


ge 15 useful in various industries, is described with 


EXAMPLES : 


l. The Haber's Process: 


Not 3 = 
bs Ho МН, (АН 2465 KY/mole) 


LVol зү <2 Va. 


The reaction Between ni 
А cen nitrogen a 
accompanied by decrease in volume Et Bu to produce ammonia is 
ermic 

to Le-Chatelier’s princi Ore nitrogen isa ae 
reduce the Er. Tin the equilibrium is Td Gu EAM nee 
is increases the yi wal 

cal € yield of NH,. In 8° 
ENDS in using золе of 


COretical rati А lume. 
(il). Effect of Temperature, ratio of 1:3 by vo 


Syn 
is liberated Ín the forward мын аң ОГ ammonia is exothermic, that is, h^? 
according to Le-Chatelier's Principle ү, equilibrium, temperature is kept l0% 
| "90 equilibrium shifts to ri bet 
ght where 
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is liberated; in this way balance of equilibrium position is maintained. In other 
words, the low temperature favours the formation of ammonia. The high 
temperature, at equilibrium, would obviously favour the reverse reaction, In 
actual practice, the reaction is carried out at high temperature of 450°C - 500°C 
which produces reduced yield at much higher rate. A catalyst of finely divided 
ironis used, - 


(iii), Effect of Pressure: The formation of ammonia proceéds with the reduction 
involume (4 volumes on the reactant side and 2 volumes on the product side). The 
reaction, is therefore, carried out under high pressure, the equilibrium is 
forced to right as the formation of ammonia lowers the volume and by Le- 
Chatelier's principle, relieves the pressure. The pressures vary from 400 to 
1000 atmospheres. | 


2. Contact Process : In Pakistan, sulphuric acid is manufactured largely by 
the Contact process in which the most important step is the oxidation of sulphur 
dioxide to sulphur trioxide in presence of catalyst vanadium pentoxide. 


| 280, + OF =250,,, (AH =-395 KJ/mole) 


2Vol уш 2Vol 


This oxidation process is exothermic and occurs with the reduction of 
o. In order to sort out suitable conditions under which high yield of SO, is 
“ued, Le-Chatelier's principle is applied. 


Effect of Concentration: If at equilibrium position, the concentration of 
Een is increased, the Le-Chatelier's principle requires the system to react to 
"05е this change, that is, to reduce the concentration of oxygen. This is done 


With 
“Conversion of more SO, to 50). 


: Efect of Temperature : If, at equilibrium, the temperature is decreased, 
Pose p 5 to Le-Chatelier's principle, the system tends to react so as to op- 
Rore 25 Clange, that is, to raise the temperature. This is achieved when 
у, SO, is produced, In actual practice, the reaction Is carried out at. 
Neh ag Vace а fast rate is more important than à high yield). A catalyst 


20, is also added to speed up the reaction. 
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(ill). Effect of Pressure: Increasing yield of SQ, is favoured by increased 
pressure (since the volume of products is less than the reactants), In practice, the 
reaction is carried out at one atmospheric pressure (since the volume is not large 
enough to justify the expense of high pressure vessel). 


6.8 SOLUBILITY PRODUCT 


* When à saturated solution of sparingly or slightly soluble salt is in contact 
си undissolved salt, an equilibrium is established between the dissolved ions 
an the ions in the solid phase of the undisssolved salt. For example, A gCl is only 
very slightly soluble in water and the following equilibrium exists. 

AgCI ===> Ар 
р Ар + Cl 
Undissolved IM x 
According to the equilibrium law (law.of mass action) 


[АВ ІСІ] 
[AgCI] 


But at saturation, the concentration of the solid AgCI is constant 


к. = QALICI 
е 

K, x K' -[Ag'] [CI | 

K, = (АРИС 


К, is termed as the solubility | ‘onic CU 
product, ] jonic €", 

centration of the dissolved ions and it iis boe oduct M шге. 510 
larly, For CaF,; $ mes 


Ky = [Са”}[Е }? 


Pp. 
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The solubility productis expressed in the chemical units of concentration i.e. 
molar concentration. 


Calculation of solubility product from the solubility. 


Solubilities are normally given in grams per cubic decimetre (g/dm?) which 
are the physical units of concentration. The solubility of AgCI is 1.4 x 10? g/dm? 
at 25°C. Since the molecular mass of AgCl 15 143.5, hence its solubility in terms 
of molarity is calculated: 


1.4 x 10? 


. Molarity = 857 = 0.98 х 10  moledm? 


Hence the concentration of Ар? is 0.98 x10 moles dm^, the 
concentration of the CI is also 0.98 x 10% mole dm? because there is one CF ion 
for each Ag* ion. Now, | 


K, AgCI = [Ag*] [ СГ] = 0.98 х 10% mole dm? x 0.98 x 105 mol dm? 
К. AgCl 20.96 x 10% 29.6 x 10" mol! ёпт 


Solubility products of some salts are given in the following table: 


Table 6.1 Solubility products of salts at 18" - 25°С. 


Compound . Solubility product 


Lead chloride 1x 104 mole? dm? 


Md sulphide ^ 84x 107 mole? dm* 
icke] sulphid 1.8 x 10! mole? dm“ 
шс Aur 3.5 x 10? mole? dm* 
тры Sulphide 87 x 10 mole? dm * 
C. it sulphide 30x 102 pa a 
Bari A Carbonate 1.0 x 10* mole? dm 


™ sulphate 1.0 х 107? mole? dm® 
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Calculation of Solubility from Solubility product : 


If we know the value of solubility product, we can calculate the solubility of 


salt. Forexample, the solubility product of lead iodide (РЫ) at 25°C jg 
1.00 x 10? mol? dm? 


Pol, ==> РЬ? " + 2I (on) 
undissolved Dissolved 


Kp = [Pb] [I P = 1.00 x 10? mo? dm? 


If X moles per dm! of РЫ, dissolve (i.e ionize), 
[Pb^*] = xand[I] = 2x 
Kp = [Pb?*] [E]? = 1.00 x 10? mol! dm? 
Or (x) (2x)? = 1.00 x 10 ? mol? dm? 
4x? = 1.00 x 10? mo? dm? 
X = 0.63 x 10? mol dm? РЫ, dissolved. 


Molecular mass of РЫ, = 461 moles per dm? 


d SE is converted into g/dm? 
(Chemical units into physical unit of Concentration) a g 


s follows: 
Mass in g 

—— 

molecular mass 

moles x molecular ma 

= 0.63 x 10° x 461 

= 0.00063 x 461 

= (029g 


Moles. 


Massing = с 
$ 


Solubility of Pbl, at 25°C = 0.29 g/dm? 


Application of Solubility Product : 


The solubility product (К, ) 
should form from a solution of 
solubility product represents the 
ions and undissolved solid phas 


* ne e 
15 used to determine whether а precipit. 


known ionic concentrations. The MS 
equilibrium Condition between the diss? 
€ of solute 1.©. when a solution is satur? 


4 
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When the aed of the ionic concentrations is equal to the solubility 
oduct, à saturated solution 15 said to exist. If the ionic product is less than the 
solubility product, the solution is not Saturated i. e, more amount of the solute can 
gointo the ene If the ionic product is larger than the solubility product, the 
solution is said to be Super saturated and the excess of solute should precipitate 


sas to restore the equilibrium conditions. For ex ili 
ampl 
calcium sulphate solution is 2.4 x 105 VEM e, the solubility product of 


CaSO —= Ca^ y + SOr (aq) 
К, = [Ca] [50,2] = 2.4 x 105 


If 
[Са] [SO] > 2.4 X 105 


ш form precipitates so as to reach the value of 2.4 x 10. If, on the other 


, 


^ oa [SO 28] < 2.4 x 10° it means 
Produ Шоп is not saturated and more solute could go into the solution till the . 
Ct becomes equal to 2.4 x 1055, 
7 Sh А * . 
у i04 PbCrO, precipitate from a solution prepared by mixing 100 cm’ of 
хуну” (NO - and 300 cm? of 1.5 x 10* M K,Cr0,? (К„ of PCO, = 
luto 


The eni. | 
“uation for the equilibrium is: 


Њо T> Pb? 


UM wy + СО, 
Dissolved 
(РЫ) [C1024 = 1.8 х 10“ 
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Total volume of the solution = 100 cm? + 300 cm = 400 сп. This volume 
contains the equivalent of 100 cm? pb (NO,), and 300 cm? of K CrO, The 
concentration of each ion is calculated; ; 


100cm? Pb(NO)), 


[P = х 25x104^M = 625 x 105M 


400 cm’ Total solution / 


300Cm? K,CrO, 


[Cro = | 
xl5x10*Ms1. Pr 
400 стг? Total solution шом 
The ionic product of PbCrO , is: 


[Pb] [CrO + = (625 x 105) (1.125 x 107) 2 7.03 x 10-3 


Since the ionic product (7.03 X10") is Jar 


. (18x 10-4), henc e PbC rO, ger than the solubility product 


should precipitate out from the solution. 


6.9 COMMON ION EFFECT 


plied to sparing! gc! 
luble j gly soluble salts such as А? 
soluble in water and the following equilibrium exists betwee! 


fous phase, 


The equilibrium law can be ap 
It is very slightly 
the solid ionic salt and its ions in the aqu 
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[Ag] [CI] 
Kc GANE 
[AgCI] 
Since the concentration of solid AgCl is constant in its saturated solution, hence 


К. (АЕС = К, = [Ag^] [СТ] 


K, is known as the solubility product which is equal to the product of the 
ionic concentration. Similarly, for magnesium chloride (МгС1,). 


K, = [Mg] [CI ? 


Precipitation of an electrolyte is caused when the concentration of its ions 
exceeds the solubility product. It is achieved by increasing the concentration of 
any one of the ions. That is to say, by adding common ion, solubility product can 
be exceeded. For example, precipitation of AgCI is caused by adding CI- as 
common ion in the shape of NaCl. With the addition of common ion, either СГ 
or Ag*, the ionization of AgCI is suppressed and it forms precipitate. This is 
known as common ion effect. : 


AgCl. e Ag’ 1- ; 

EC SAB oy + To Common ion (Cl) 
KCl, = K*,, + Cl ag) 

Common ion effect finds useful application in qualitative salt analysis. 


EXAMPLE : Cations of II and IV groups are precipitated as sulphides but under 
ferent conditions due to their different solubility products. In fact the solubility 
“duct of IV group sulphides is higher than that of II group sulphides. 


TABLE - SOLUBILITY PRODUCTS AT 18°C 


SULPHIDES ОЕП GROUP SULPHIDES OF IV GROUP 
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In order to precipitate the sulphides of II group, HLS is passed through the 
original solution (O.S.) in presence of HCI. 


Hisce ЭЛ 


HCI furnishes H* as common ions which shift the above equilibrium to left 
according to Le-Chatelier's principle. In other words, addition of HCi sup- 
presses the ionization of H,S there by lowering the concentration of sulphide 
ion (S?) which is however just enough to exceed the solubility product of 


II group sulphides. In this way group II cations are precipitated such as 
CuS, PbS, Са$ etc. 


IV group sulphides having higher solubility product are precipitated by H,S 
in presence of NH,OH. The OH- of NH,OH combines with H* of H,S to form HO 
(H* + OH”  H,O). The removal of H* from the product side shifts the equilibrium 
to right (H,S =2H* + S^). In this way, the concentration of sulphide ion (S”) 


increases which is enough to exceed the solubility product for the precipitation 
of sulphides, e.g. CoS, NiS, ZnS. 


Group III cations are precipitated as hydroxides by NH , OH in presence of 


МН, СІ. The common ion in this case is NH,* which suppresses the ionization of 
NH,OH 


NH, OH = NH,' + OH 


Thus with the addition of common ion (NH, *) the equilibrium is shifted 
towards left andthe concentration of OH" decreases. Under these conditions U* 
solubility product of the hydroxides of Al, Fe and Cr is only exceeded 0 е 
which they are precipitated. The hydroxides of other cations such as Zn. ^® 
etc. are not precipitated due to their higher solubility product. 

In addition to salt analysis, common ion effect is very useful in indus 
also. Chemical yields in manufacturing processes can be controlled and , 

increased by making use of common ion effect. 


à 
` KA «An 00 
The common ion effect changes the equilibrium point of a reaction fr 
less to a more favourable position. 


Pp 
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PROGRESS TEST 6 
|. What are reversible and irreversible changes? Describe an experiment to 


demonstrate a reversible change. 


9, (a) State and explain the law of equilibrium. Describe its applications. 
(b) What do you understand by Ko and К? Describe their relationship. 


3, What is meant by solubility product and the common ion effect. Discuss the 
application of common ion effect in the qualitative salt analysis. 


4. How is the balance of chemical equilibrium influenced? Explain giving 
examples. 


сл 


For the gaseous equilibrium PCl F^ РО! t CL, 5 4H-87.9 KJ/mole, 
explain the effect upon the material поп of (a) increased tem- 
perature (b) increased pressure (c) higher concentration of Cl, (d) 
higher concentration of PCI, (е) presence-of a catalyst. 


$ A quantity of PCI, was heated їп a 12 dm? vessel at 250°C. 
Pl == РС, + Chy 


Atequilibrium, the vessel contains 0.21 mole PCI,, 0.32 mole кз and 0.32 
mole CL. Compute the equilibrium constant Кү. (Кү = 0.040) Ans. 


es | 
Consider the following equilibria: 
() 4 zin 
* E V 
„б lue 2HI,, АН = posia 
0 250 


АН= negative 


(a) 


Wr | | 
O) |, "the equilibrium constant expressions. - | NM 
0 уи Ich direction will each equilibrium change as the temperature 1$ raised? 


{ А А 
Ich of the equilibria will not be affected by change 1n total pressure! 


| 


CH 
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HI is i i | held at constant temperature 

8. One mole of HI is introduced into a vesse t 

When equilibrium is reached, it is found that 0.1 mole of L have been formed, 
Calculate the equilibrium constant Кү. (K, = 0.0125 ) Ans. 


9. What effect on the position of equilibrium СаСО, „= CaO," СО, for 
which AH=+176KJ/mole, does each of the following changes have: 
(a), adding CaCO,(b), adding CaO (c), decreasing the volume of the 
container (d), raising the temperature (e) removing CO,. 


10. State Le-Chatelier's principle. What are its industrial applications? 


11. Write note on : (i) Reversibility of a chemical change (ii) dynamic 
equilibrium (iii), К. and K,. 
12. When 1 mole of pure ethyl alcohol (C;H,OH) is mixed with 1 mole of acetic 
acid (CH, COOH) at room temperature, the equilibrium mixture contains 
?/, mole each of ester (CH, COOC,H,) and water. (a), What is the equilibrium 
constant Кү, (b) how many moles of ester are formed at equilibrium when 
3 moles of alcohol are mixed with 1 mole of acid? АП substances are liquids 
at room temperature. 


(a) Ke= 4; (b) ester = 0.9 moles Ans. 
solution for (b) 


Let x 7 No. of moles of alcohol reacting. 


Alcoh ide— = 
No. of moles at initial state а e EE + NL 
Change by reaction ae у i d 
No. of moles at equilibrium state (3-x) (1. : * 
Concentration at ^ 5 
equilibrium state X (х 3—1) = x ў 

К=4 S br SUME, s Y М | 
e (3x Lx) ^ 3-4х+ xi 
viv 


2 = | 
x'24(3-Ax* x’) or 3x* -16x + 12 = О. Solving by quadratic formula: 


x H6 £ NCI9- 43y12) 16 + 10.6 
20) eg 
x = 4.433 or x = 0.9 | 


-b £ Y b! — 4ac 
NPAT T 
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Inthe problem we started with 3 moles alcohol and one mole acid, hence we 
cannot form more than one mole ester even if all the acid is used up. 
Therefore correct root of quadratic is 0.9, that is, 0.9 mole ester is produced. 


13, РСІ, & PCI, + Cl,. Calculate the number of moles of Cl, produced at 
equilibrium when one mole of PCI, is heated at 250°C in a vessel havin ga 
capacity of 10 dm’. At 250°C, К, = 0.041 for the dissociation. 

(0.465 moles) Ans. 


M. (a) What is meant by the equilibrium constant and how it is determined 
experimentally? 


(b) Todetermine the value of K, for the reaction 
CH,COOH, + C,H, OH, = CH,COOC,H,, + H,O,, 1 mole of 
CH, COOH and 1 mole of C,H, OH in 1 dm’ of solution in an inert 
solvent containing a small amount of acid catalyst were warmed until 
no further change occurred. At equilibrium, 0.667 mole of water was 
present. Calculate the value of К. 
(К = 4) Ans. 


I. "At equilibrium all processes come to a halt." What is wrong with this 
I Ишетеп when applied to chemical systems? 
‚ (0) What is meant by the solubility product? Give its uses. 
(b) What is the solubility of lead chromate in moles per dm? at 25°С. K,, 
for PbCrO,=2.8x10-!3 mole/dm? | 


n. (a) Will Cadmium hydroxide precipitate from 0.01M solution of CdCl, 
at pH 9. К. of Са(ОН), =2.5х10-* шо1е7/дп\'. (Since ionic product of 

(у (Он), is greater than К,» so it will реса) | b 
The Solubility of Mg (OH), at 25°C is 0.00764 g/dm . What is the solubility 


“tof Mg (OH),? (K,,=9.0x10- mole’/dm’) Ans. | 
Should AgCI precipitate from a solution prepared by mixing 400m! of0.1M 


we 
Cland 600 ml of 0.03 M AgNO,? - i 
s Of AgC/ = 1.6x 10-? moles/dm’. (Ionic product is larger than 


, Авс Will precipitate). Ans. 


E 
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SOLUTIONS AND ELECTROLYTES 


INTRODUCTION 


Solutions play an important role in many processes. Nutrients 2 
carried in water solution to all parts of a plant; the body fluids of animals are water 
solutions of numerous substances. The ocean is a vast water solution containing 
compounds extracted from the minerals of the earth's crust. Medicines and 478s 
are frequently aqueous or alcoholic solutions of physiological active compounds 


Definition "А solution is a homogeneous mixture or single phase mixture of the 
molecules, atoms or ions of two or more components" The component ™ 
predominates in the solution is usually referred to as the solvent. Since {1 + 
three states of matter. There are nine types of solutions: three 80360“ 
lutions, three liquid solutions, and three solid solutions. 


.. 1 CONCENTRATION OF SOLUTIONS 


us. In! 


Concentrations are either expressed in physical units or chemical un nso 


. former, concentration is expressed in physical units: for example 2 


p" 


Scanned with CamScanner 


E 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


193 


NaOH per cubic decimetre (dm?) of Solution; a 10% aqueous solution of NaCl 

‚ contains 10 g NaC! per 100 g solution i.e. 10 8 NaCl mixed with 90 g water. What 
isof interest here that the concentrations expressed in chemical units are more 
common and frequently used which are discussed below: 


Molar Concentration : “The molar concentration (M) is the number of moles of 
the solute contained in one cubic decimetre (dri) or litre of solution". For 
example, a 0.5 molar solution of Na,CO, contains 53g of Na,CO, per cubic 
decimetre of solution, since 53 is half of the molecular mass of М№а СО, 106. 
Aone molar (1M) solution contains 106 g Na,CO, регіт? of solution. The term 
molarity is often used to refer to molar concentration. 


Molal Concentration : "A molal concentration (m) is the number of moles of the 
Solute per kilogram of solvent. For example, a molai solution (1 m) of Na,CO, 

Contains 106 g Na,CO, dissolved in 1000 g of water, since 106 is the molar mass 
of Na,CO,. 0.5 molal solution contain 53 g Na,CO, per kg of water. The term 
molality is often used to refer to molal concentration. 


12 HYDRATION 


Water is a universal solvent and its polar nature plays very important part in 
dissolving Substances. It dissolves ionic compounds readily because of the 
hydration of their ions. A hydrated ion is the ion which is surrounded by water 
Molecules. The clustering of ion with water molecules is due to the attraction of 
“Positive ion for the negative end of water molecule, or of a negative ion for the 


| i ions 
ene end. In solution, the number of water molecules which ae ш р н 
| тейле, Very often when a water solution of a salt is evaporated, 


i allization. 
vallizes wi i leculescalled waterofcryst | 
ы be rmolecu ZH 
Crystal ds UR i | mount of water of crystallization for 
баш tallized salts contain a definite а 


к he crystallized 
е ; res ized from water,t 
tj o hen Magnesium chloride is recrystal gnesium ion in the crystal 


$ RERO is, cach ma 
Bsta, COfnposition MgCI,.6H,O. That is, са althou 
hin ed "e m ка (Fig: 7.1). Itis ени ан ж 
i ay Slt like М Cl, 6H,O has water molecule attached to its crystals, 


k 
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FIGURE 7.1 vg pte 
A schematic representation of the 
between the metal and oxygen have been ana (Mg ор, bon, (octahedral). The distance 


better the special relationship 


The ability ofan ion to form h 
ydrate de 1 e SÉ 
of the ion and its charge. Smaller pends upon the charge density, that's; 


the size and 


ride i . Я si 10 
CuCl, -4H,O, and four water molecule I$ Crystallized with the comp y 


; ^ - |2 
fashion (Fig. 7.3). Sare associated with Cu?* in square P 
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Radius 085А 


FIGURE 7.2 
An arrangement of six lons in the order of their increasing charge density. The large bromide 


юп with a single charged has the least, the small triply charged aluminium lon the greatest 
charge density. 


.-$ 46 
‘FIGURE 7.3 
o A Schematic representation of the shape 


lt of a [Cu (H,O),* ion (square planer). 


Many hydrated salts decompose upon heating to give the anhydrous salts. 


"SO SHO, Heat CuS0,, + SHOy4 
Pentahydrate Anhydrous 
salt 
HYDROLYSIS 


Aqueous Solutions of normal salts may be neutral, acidic or alkaline,. 
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| depending on the nature of the salt. For example, an aqueous solution of NH C 


is acidic, a Na,CO, solution is alkaline while NaCl solution is neutral. 


To explain the different behaviour of salts in water, we must consider the 
possibility of the ions of salts reacting with water, the rezction being known as 
hydrolysis. 


DEFINITION: "The reaction of cation or anion (or both) with water so as 
to change its pH is known as hydrolysis". 


It is interesting here to note that the hydrolysis occurs only when a change 


. in pH takes place. For example, ће aqueous solution of NH CI turns blue litmus 


red because it is acidic in nature: 


NH,Cl,, + HOH, ————»5 М№Н,ОН oy + HCl, 
| : Weak base Strong acid 


In aqueous solution, NH,CI forms Strong acid and weak base. Thus the 


solution contains higher concentration of H* which changes the pH of water 
toward acidic. 


The aqueous solution of Na, CO, has opposite effect. The hydrolysis is 
represented by the following equation: : 


Na, CO, + 2HOH,— 3» 2Na0H.. +H,CO е 
Г Suongbase ^ — Weak acid 


_ З. тау be pointed out, the hydrolysis does not occur in case of NaCl becaus 
it does not change the pH of water. The aqueous solution of NaCl is, therefor 
essentially neutral. 


74 THEORY OF IONIZATION 


The behaviour of the aqueous solutions of 


e 
) electrolytes was found to be 9 
different than that of non-electrolytes. For e Я 


xample, the electrolytic solutio 
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conduct electricity and the different solutions of acids, bases and salts have 
different abilities to conduct electricity, Properties like elevation of boilin g point, 

depression of freezing point, osmotic pressure and saturated vapour pressure show 
marked deviation than similar solutions of the other substances. A relation 

between the deviation in properties and electrical conductance was also noted. In 

general, greater the deviation, greater the electrical conductance. | 


Toaccount for the above facts and io explain the phenomena of electrolysis, 
the IONIC THEORY was put forward by the Swedish Chemist Svante August 
Arrhenius about 1880. 


. (a) The substances called electrolytes are believed to contain electrically 
charged particles called ions. These charges are positive for H*ion or ions 
derived from metals and negative for the ions derived from non-metals. 
Number of electrical charges carried by an ion is equal to the valency of 

| Corresponding atom. 


6) Molecules of electrolytes (acids, bases and salts) dissociate into oppositely 
Charged ions on dissolution in water, e.g.. 


HSO, = 2H'« SO)” 
NaCl = Na t^^ 
НСІ = Н Фу СГ 
NaOH = М№ + OH 


O ть number of positive and negtive charges on the ions must be equal so that 


the Solution as a whole remains neutral. 


( ; di 
) In Solution. the ions are in state of disorderly motion. Upon colliding they 
Y Combine to give unionized molecules. Thus ionization is a reversible 
Process in which the solution contains ions of electrolyte together with 


Union; 
nized molecules. 


HO, uy c pier SO, wy 


(t 


аец ое ionization or to say the degree of ionization depends upon the 
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nature of electrolyte. Strong electrolytes such as NaCl, HCl, etc ionize 
completely in water. Weak electrolytes such as AgCI, acetic acid 
(CH, COOH) ionize only slightly. For example in 2M solution, only 4 
molecules out of 1000 molecules of acetic acid are ionized which mean 996 
molecules remain unionized. 


Ionization is not affected by electric current. When electric current is 
passed through anelectrolytic solution, the ions begin to migrate towards the 
opposite electrodes, i.e. positive ions towards negative electrode (cathode) 
and negative ions towards positive electrode (anode). The ions which are 
attracted towards cathode are called Cations such as Na*, H* etc., the ions 
which are attracted towards anode are called Anions, e.g. Cl, SO,” etc. On 
reaching the electrodes, the ions lose their charge and change into neutral 
species (atoms or molecules) by the gain or loss of electrons. 


Arrhenius Theory clarified many peculiarities in the behaviour of electrolytic 
solutions. The presence of ions affórds a simple explanation of the deviation 
in freezing point, boiling pointand Osmotic pressure. Since 1 mole of NaC! 
yields 1. mole of Na* (6.02 x 10? ions) and 1 mole of GI- (6.02 x 10°), te 
number of these ions is twice that of NaCl. Hence Osmotic pressure must 


also increase two fold» This is because such properties depend upon th 
number of particles and noton the nature of compound (colligative properties) 
However according to the Arrhenius ionic theory, an electrolytic solution 
is regarded as mechanical mixture of solvent molecules and ions. In no w3» 


it reflected the interaction between these particles. Further developme™ 


suggested that the ions can interact with water to form hydrates. (Accordi? 
to Arrlienius, ions are free to move like isolated atoms) 


Despite the good agreementofthe electrolytic с боа theory with p 
i i ; ; nce 
it was at first not universally accepted, This was simply due to the 607 


of atom as being indivisible particle and as such the distinction ре“ 


atom and ion could not be explained. 


The dissociation of electrolyte depends upon (i) nature of elect” 
lyte (ii) degree of dilution (Ш) temperature, 
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h) The electrical conductivity depends upon (i) the number of ions 
present in the solution (ii) speed of ions. 


15 CONDUCTANCE OF ELECTRIC CURRENT THROUGH 
SOLUTIONS 


The existence of ions in solutions of electrolytes was postulated to account 
forthe ability of certain solutions to conduct the electric current. One expects the 
conductance of an electrolytic solution to vary with (i), dilution (ii), absolute 
velocities of ions (iii) degree of ionization (iv), temperature (v), pressure etc. 


In a concentrated solution, the number of ions per unit volume of solution 
increases and the distance between ions decreases causing stronger inter ionic 
attractions. As aresult, migration of ions becomes more difficult and the conductance 
decreases with increase in concentration. As the solution is diluted the inter ionic 
attraction decreases and the migration of ions becomes easier. As aconsequence, 
the conductance increases with dilution. 


.. As the conduction of electric current is related to the movement of ions, it 
5 Obvious that conductance increases With the increase of absolute velocities of 
1015 in solution. | l | 


.. On the basis of electro conductance data, electrolytes are broadly classified 
оо groups , strong electrolytes and weak electrolytes. The strong electrolytes 
el as HCI, NaCl etc; show larger conductance which is due to higher degree of 
ization (oc) А 


бет зы Number of dissociated molecules 
Total molecules dissolved 


ow conductance due to their low 
nductance increases rapidly with 
ompletely ionized in dilute 


degr Weak electrolytes like CH,COOH show 1 
lutig ionization, In both cases, however, CO 
“lutions fact, the strong electrolytes are almost © 
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Conductanceofanelectrolytic solutionis also influenced by the temperature, 
On raising the temperature by 1°C, conductance increases by 2 to 2.5% which is 
due to reduced hydration of ions and lower viscosity of solutions. 


Pressure has no noticeable effect on conductance. Large increase in pressure 
will cause a considerable fall in conductance. On raising the pressure to 2000 


atmospheres, the electro conductance of acetic acid falls to 0.690 of its original 
value. 


Conductance ofa solution playsanimportant partin the industrial application 
of electrolysis since it determines to a considerable degree the consumption of 
energy in the electrolytic process. Electro-conductivity. determinations find 
extensive use in the control laboratory. Thus the salt co 
on vaporization of water (for example, in boiler water 
determined from conductivity measurements. 


nténts in various solutions 
or on condensing milk) is 


nization theory, a solution of an electrolyte 
n noelectric current is passing, the ions are 


olution. When electric current is passed 
movement of the ions 


; у аге eventually discharged. "The movement 
of anions and cations towards thej : 


| ‘nal Of 
Е However. i trochemical 
galvanic cell such as battery, the anode is Negative and ha ке is positiv: 
* К i ; e | 1 
Чой via electrodes. Conventiall) 
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FIGURE 7.4 
Elecyolysis of 


ution of cupric chloride 
fact, CuCl, is composed 
On dissolving in water, 


The electrolysis of a moderately concentrated sol 
(CUCL is illustrated in the fig 7.4. As we are aware of the 
dions, it may precisely be represented as Cu, СГ, СТ. 

tse ions are separated. 

CuCl py ===> Си?” ay + 2СГ\„ 

һ 

ions are free to move around randomly among puero ar Ф 
current is passing. As soon as the electric ee НЕ cioe 
и Of these ions begins to take place. Se ы ed аз copper atoms 

i Cu” ion 
bythe by towards anode. Atcathode 

n of electrons (reduction) 
ES *2e — Cu, „. Reduction at cathode 
gas by the loss of electrons 


These 
10 electric 


А 
Orion CI ions are discharged 25 с, 


шы S 
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Thus the reactions taking place in the electrolytic cell are oxidation - 
reduction reactions or redox reactions. By combining the electrode reactions, the 
over all reaction of the electrolysis is obtained. 


Си +22 > Cus, 
debe еә С, 


Сиз, t 2C => Cus + Gb 


CuCl = Cu, + С! 


2(aq) 26) 


When the ions originally present have been changed to neutral particles, the 
current can no longer flow. 


7.6 ELECTRODE POTENTIAL 


The electric current producing appliance known as the Voltaic cell consist 
of two half cells. In each half cell a metal plate is placed in the solution of its jon 


"The difference of potential created between a metal and solution of 155^ 
is called Electrode potential of the metal". It is the measure of tendency 7 
electrode to lose (or gain) electrons or to say it serves as a measure of chem 
activity during reaction taking place in solution. 


aerei 

Sinceabsolute electrode potential can notbemeasured, henceitisdet e 

by comparing with the hydrogen electrode which is the reference ele ; 
Arbitrarily hydrogen electrode has been assigned a potential of 0.000 v° 

a | " . qo 
A hydrogen electrode consists of a platinum plate immersed in! 


A 
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solution of sulphuric acid. A current of pure H, is passed continuously through the 
solution under the pressure of 1 atm . (See figure 7.5), The platinum adsorbs Н, 

as on its surface and the platimun coated with hydrogen behaves as if it were 
made entirely of hydrogen. 


| electron flow If metal has a negative electrode potential 
R 
l 
l 


electron flow If metal has a positive electrode potential 


potentiometer - 


hydrogen gas at 1 
atmosphere pressure 
salt bridge =O 


molar solution à - molar solution 
of metal ions : of hydrogen ions 


metal 


FIGURE 7.5 


ate Since temperature and concentration influence the voltage, these variables 
held constant for the comparison. The temperature is held at 25°C, the 
tps lon of ions in contact with elemental electrode is held at 1 molar and 
iles Pressure at 1 atmosphere. Electrode maintained under these conditions is 
dion electrode and its potential as standard electrode potential. It is 
ы as Е° For the purpose of uniformity, since 1953, standard electrode 
Ns have been expressed in terms of reduction reactions and they are 
ы а5 standard reduction potentials E? Reduction. From these values, 
Oxidation potentials are obtained by just reversing their sign. 


E? eain = — E? оао 


To; 
ши, the method of determining the standard electrode potential, we 
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c electrode. For this purpose, we have to construct a 
inc immersed in IMZnSO,)and hydrogen 
Пу completes the circuit between half cell 


pick up the example of zin 
voltaic cell made up of zinc (a strip of 2 
electrodes. Salt bridge is made of KClje 


electron poa © 
© flow © ©) 


J. 
Zn/Zn™ H°/H,(Pt) H° Hs Pt) Cu'*/Cu 


FIGURE 7.6 


and prevents mixing of solutions. The potentio metric reading gives the electro- 
motive force of the cell to be 0.76 volts. Since the hydrogen electrode has the 
potential of 0.00 volts, hence 0.76 volts is the potential of zinc electrode. In 
external cireuit it is observed that flow of electrons takes place from zinc ? 
hydrogen electrode (See fig. 7.6). 


^c 
Zn; Zn” „ (1.0M) ili Н“ (1.0M) ; Н, (1 atom); Pt. 
Thus it is believed that electrons must have originated at zinc 1 A 3 
oxidized, is the anode and is negative with respect to hydrogen electrode. 
the standard reduction potential of zinc electrode is – 0.76 V. 
Zn, +2е 9 206): E^ ло = — 0.76V 


The standard oxidation potential of zinc is therefore + 0.76 V. 


pi = E? 
0.76V = +0.76V 
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“The negative sign signifies that actually the reaction at zinc electrode occurs 
in the opposite direction, i.e., itis the oxidation rather than reduction which occurs 
at zinc. 


Zag-2e > Zm",,; E oniani = 0.76 V 
Reduction talos place at Hydrogen electrode: 

29р +2e ә Ho ; E? = 0.00V 
The cell reaction is, therefore, obtained by adding the half reaction: 

Zn „+2Н'\, = Zn... + Pap ee 

In case of copper electrode when it is coupled with hydrogen electrode, the 

` electromotive force or voltage of the cell given by potentio meter is + 0.34 volts. 

As the hydrogen electrode has potential of 0.00 yolts, therefore, the electrode 


potential of copper electrode is + 0.34 volts. The positive sign indicates that 
actually the reduction takes place at copper electrode as written: 


Сас =) Cy, s ES aea 1034 V 


From this we predict the oxidation potential to be - 0.34 V 


DNO т учен xidation 
*034 V 4 0.34 V 


; in IM Cu SO) 
Th case of ‘copper electrode (a strip of e аа ет electrode 
With hydrogen electrode, the пешон er electrode (see fig. 7.6) . 


copp 


IH g Си”; Cu 


| 
A ^ Ч copper electrode being cathode, 
Ydrogen as shown above. 


is reduced and is positive with resp- 


28 
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LOS = Soa _4/*А 

12056 € э@+ OS ПУ 

ОНЕ +737 + «Hc + ОН ОН/2ОН 
ОНЕ + "0594 


— 92+ _05%,НӮ +,Оаа 0594/2094 

OH? + „ЧИ < 95 + 8+ Ошу ,,UN/ FOUN 
ОНЕ + „ad“ 2с + Ht +2094 +zAd/*Odd 
TOZ + 22440 TIÐ 


ОНА + 407 


29 + HPI + 2010 10/090 
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OHZ + ӘР +.,НР +0 O*H/*O 

292 < әс +19 19/219 

ОНЕ * ON + 9€ +,H? + SON ON/*ON. 
SH — ƏZ -*.,9H 3H/,-8H 
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wi — +d +ЭЧ/ 4,9 

Оён < »z*.H2*/O ' OHO 
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This is known as electro chemical series or E.C.S, — 
Few important facts about the electrochemical series are summarized as : 


(i) Metals above hydrogen in ECS undergoes oxidation in the comparison cell 
i.e. they are anodes. Metals placed below hydrogen undergoes reduction i.e. 
they are cathodes, 


(ii) Whether or not the electrode reaction will occur spontaneously when 
electrode is connected to hydrogen electrode can be inferred from the sign 
of electrode potential. If it is positive, the reaction will occur as written and 
the electrode will act as anode. If the sign is negative, the reverse reaction 
will occur and it will be cathode and hydrogen electrode as anode. 


(iii) Inthe ECS, there is decreasing tendency from top to bottom to lose electrons 
(undergo oxidation) and increasing tendency to gain electrons (undergo 
reduction). In other words, the reducing strength decreases and the oxidizing 
strength increases from top to bottom. Thus lithium is the strongest reducing 
agent and F, the strongest oxidizing agent. 


i i ivi d shows the 
(iv) In E.C.S, the metals are placed in the order of reactivity and sho 
etals displace metals lying below them in the list from 


displacement order. M i 
качи of their salts. All metals above hydrogen have negative electrode 


potentials. 
7.7 OXIDATION NUMBER (O.N.) 


Definition : 


ot real) on the atom in the compound or ion under 


е e (i.e. п = 
"The formal charge ( dation number or state. 


consideration is known as 


idation number, the term 'formal charge' is used which 


In defining the О the atom in a molecule orion. Whileusingthe . 


means it is not the actual charge on 


c, a 
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concept of O.N., all the compounds (including all the covalent compounds) are 
imagined to be completely ionic, although no compound, is completely ionic, In 
covalent compounds, therefore, the bonding electrons (that are present in a bond) 
are considered to be "owned" by the more electronegative atom e.g. in H:0:H, 
oxygen is more electronegative than hydrogen, therefore two electrons, one from 
each hydrogen, are considered to be owned by oxygen giving rise to two negative 
charges on oxygen. Therefore, oxidation number of oxygen in water would be 2- 
Each hydrogen is considered to have lost one electron giving rise to one Positive 
charge on each hydrogen. Therefore, oxidation number of hydrogen would be 1°. 


Guiding rules that have been established to determine the oxidation number 
of atoms are mentioned below : 


1. The oxidation number of all the elements in free state is zero. 
Br^,, Na?, Н,, Ро, 0,°, №, 
2. -In a compound, the more electronegative elements are assigned negative 


oxidation numbers, and the less electronegative elements are assigned thé 
positive oxidation numbers. ; 


CI'* R^ Hcr - 


3. In a neutral species, the sum of oxidation numbers is Zero: 


SNO , YHB < «50,27 
2 
4 Theoxidation number of OXygen in most of its compounds is 2. 
юно, “Со, 
2 


The exceptions are few : 


И (124 (122 (34 le uU. 
OF, » NaO, ко ls 
Oxygen is less E.N. ^ peroxide super oxide. 


(0-0 bond) 
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5. The oxidation number of hydrogen when combined with a non-metal is 1°. 


“crf ^ ЧН” : €: 
When combined with a metal of lower E.N, O.N of Hydrogen is 1". 
''NaH'!- ‚“Сан,оэ, › "KH- 


This is due to the electronegativi eta б 
gativity of hydrogen be 
metals and non-met als. y or hydrogen being intermediate between 


6. The oxidation number of fluorine in its compounds is always 1- because it 
is the most electronegative element and can not form more than опе bond. 


2°OF 033 » “SRO , "CHEM 


The oxidation number of the other halogens іп binary compounds is 
usually 17 


le 1- 24 (1-) 


1 1- - 
KBr » NaCl ^«^ МЕС? 


Few exceptions are there 
le 2- de Te 3« (2 1+ в+(2-), 1+ 7» (25), 
НОСІ. 2 нс O, ? › НСО, ›, HCIO, 
Hypochlorous Chlorous Chloric perchloric 
acid acid acid acid 


7. In polyatomic ions, the sum of the oxidation states of all the atoms present 
in them equals the ionic charge: 


4 
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8. Group I, II and III elements show the oxidation state of 1+, 2 + and 34 
respectively in their compounds: 


1* 1- 


23023, J+ (13, 
KCl : CaF, » А!Вг, 
T T 1 


1 group . ПШ group Ш group 


It may be pointed out that the oxidation number is simply an imaginary 
number and it reflects the extent to which an element has been oxidized or 


reduced. In an oxidized form of the element, the O.N. is more positive, and in 
reduced form, it is more negative. д 


Examplel. Give the oxidation number of tin in SnCl, and SnCl,. 


Solution: Since oxidation number of each chlorine atom is 1-, hence total 
negative charge in SnCl, is 2-. To balance th 


e negati ji d 
number, the О.М. of Sn must be 2+. DC positive oxidation 
>». (024 A $n224 
SnCl, 


Similarly in SnCl, ће O.N. of Sn = 4+ 


se (12, «4 Sn = 4+ 
SnCl, 


Example 2. Give the oxidation number of Nitrogen in HNO 
б 


Solution: In HNO,, each of the three oxygen has O.N.=2 -. for a total of 6. 
Since hydrogen is 1*, therefore O.N. of Nitrogen is 5* En 


1+ 54(2-) N = 5+ 


К 
HNO, 


E 
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Example 3. Determine the oxidation number of S in 50,2" 


Solution: The total oxidation number ofthe three oxygen atoms, is б^. 27 is to be 


left as the charge on the whole ion. Therefore, the oxidation number of sulphur 
4+ (2), 


154+ 50, | . 
7.8 OXIDATION AND REDUCTION REACTIONS 


Definition I : Oxidation is a chemical change in which electrons are lost by 
an atom or group of atoms, and reduction is a chemical chan gein which electrons 
аге gained by an atom or group of atoms. Consider the following examples. 


Fe? — Fe" + 2e (Oxidation) 


In this reaction neutral iron atom has lost 2 electrons and has changed to 
ferrous ion, so it is oxidation. 


СІ, +2е э 2CIl (Reduction) 
In this reaction, Cl, gains two electronsand charges to СЇ ions, itis therefore 
reduction. These definitions of oxidation and reduction are based on electron 
transfer. 


- Definition II : The most comprehensive definitions of oxidation and reduction 
are in terms of oxidation numbers: 

Odixation is a process in which the oxidation number of an element is increased: 
reduction is a process in which the oxidation number of an element is decreased. 
For example C? + O?, —» СеО,0°, is an oxidation of carbon, since its oxidation 
number increases from zero to 4* (Total change of four units). 


Similarly, H,°+Br°, — 2H'Br' is the reduction of bromine as its 


Oxidation number decreases from O to 1— It may be pointed out that oxidation and 
reduction occur simultaneously and such reactions are referred to as redox. 


E Oxidation number is the concept that is helpful in diagnosing quickly the 
-. State of oxidation or reductions of particular atoms in various compounds, 
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7.9 BALANCING OXIDATION-REDUCTION EQUATIONS 
(ION-ELECTRON METHOD) 


In this method of balancing the redox equations, only those reactants and 
products are balanced that contain the elements undergoing a change in oxidation 
state. That is to say, only those reactants and products are balanced which are 
actually oxidized or reduced. For this purpose it is important to transform 
molecular equation into ionic equation. Following key points must be kept in 
mind while writing down an ionic equation: 


. (a) Ionic substances are written in the ionic form only if the ions are separated 
from each other in the reaction medium. For example solid NaCl, Na* and 
Cl" are not written because these ions are held together in its crystal. When 
present in solution, however, NaCl would be indicated by Na* and СГ, or 
either of these ions alone if only the sodium or the chlorine undergoes a 


change in oxidation state. Insoluble salts such 
; : : as BaSO 
in the neutral form. , are always written 


(b) Partially ionized substances are wri 


bases such as NaOH, KOH may be 
NH, is written as МН, and OH" or K* and ОН-. A weak base like 


(c) Complex ions suchas ferrocyani 
which are stable and are write Бе [Fe(CN) Д or ferricyanide, [Fe(CN] 


Rules for Balancing by Ion-Electron Method : 
l. 


2. "Transform the molecular 
RH Skeleton equation into inn; iyen 
equation is already in the ionic form, then t Doors Dn. f the g! 


l 
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[=Й 
| 


3. The ionic equation is split in to two partial equations i.e. the oxidation 
and reduction equation. 


4, Balanceeach partial equation in terms of atoms. In neutral or acidic medium, 
Н.О and H’ are added for balancing oxygen and hydrogen respectively. The 
oxygen atoms are balanced first. 


In case of basic medium, ОН” and H,0 are added to balance oxygen and 
hydrogen respectively. 


5. Balance the charge in each partial equation by adding electrons to either the 
left or right side of the equation. It will be found that electrons are added to 
the left in the partial equation for the reduction equation and to the right in 
the partial equation for oxidation reaction. / 


6. Multiply each partial equation by a number so that the electrons in both the 
partial equations become equal in number. 


7. Add the two partial equations after cancelling the electrons. In the sum 
equation, cancel out any species common to both sides. 


Example 1. Balance the oxidation of H,S with HNO, by ion electron method. 


Step 1 :- Write the skeleton equation 
HNO,«Hj$ ^ — NO+S+H0 
Step 2 :- топа the molecular equation into ionic form: 
| NO; * HS —> NO +S 


nt is the nitrate ion, NO', since its Nitrogen changes the 
i in oxidati . The reducing agent is 

Oxidati rgoes decrease in oxidation state) 

HS, o HN MAE an increase in oxidation state. It could have been 

Written as sulphide ion (S*), but H,S is preferable because of the very slight 

degree of ionization of the acid in nitric acid solution, 


The oxidizing age 


i EE eee 
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Step 3:- Split the ionic equation into two partial equations (Oxidation, reduction 


5+ 2 
NO, —— NO .. Reduction (Nitrogen from 5+to 2°) 
HS?" ——> S? .. Oxidation (Sulphur from 2- to О) 


). 


Step 4 :- Balance the partial equations. Since the medium is acidic, oxygen and 
hydrogen atoms are balanced by adding HO andH. 


In the first partial equation, 2 H,O must be added to the right side to balance 
the oxygen atoms. Then 4H? are added to the left to balance Hydrogen. 
NO, + 4H’ —> NO+2H,0 
In the second partial equation, 2H* are added to the right to balance two 
hydrogen atoms on the left: 
HS — S + 2H’ 
Step 5 :- Charge is balanced in the partial equations by adding electrons. In the 


first equation, the net charge on the left is 4+ (1—) = 3 + and on the right it is zero. 
Hence 3 electrons are added to the left side: 


NO, +4H"+3e —, NO + 2H,O 


In the second equation, the net charge on the right is 2+, hence 2 electrons 
are added to make it zero as on the left: 


H,S — S+2H* «2e. 


. 1$ 
Step 6 :- In order to equate the electrons lost and gained, first partial equation! 
multiplied by 2 and the second by 3 (cross multiplied): 


2NO, + 8H’ + бе —9 2NO0+4H,0 


3H,S —— 38+ 6H'+ 6e ) 
Step 7 :- Cancel out the electrons and add the partial equations: 


. 2NO; + 3H,S +8Н'—› 2NO+3S + 4H,O + 6H" 


Scanned with CamScanner 


| MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


215 


Since 6H* are common to both sides, hence they are cancelled 


2NO, *3H,S «2H*—, 2NO + 3S +4H,O (Balanced) 


id m equation may be converted back to molecular form by combining МО, 
This is properly balanced equation. 
Example2: The oxidation of FeSO, by KMnO, in acidic solution 
Step 1:- The skeleton equation: 
KMnO, + H,SO, + FeSO, — MnSO, + Fe,(SO,), + KjSO, + H,O 
Step 2 :- Transform into ionic form: 
MnO, + Fe — Ми + Fe** 
Step 3 :- Make partial equations : 
MnO; —. Mn" 
Fg — Ее” 
Step 4 :- Balance the partial equations : 
| MnO; + 8H* — Mn?*+ 4H,O 
Fer ә Fe” | 
Step 5 :- Balance the charge by adding electrons. 
5é—> Mn” * 4HO 


- 4 E 
М9, —» Ре” +16 
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` Step 6 ;- To equate the electrons lost and gained, multiply second equation by s. 


MnO, + 8H*+ 5e — Ма” +4Н,О 
SFe” — SFe +56 


Step 7 :- After cancelling electrons, add the two partial equations: 


MnO, + 5Fe” + 8Ht — Mn” +5Fe + 4H,O (Balanced) 


To convert back to the molecular form: 


———————————————————— 

2КМпО + 10 FeSO, + 8H,SO, > 2MnSO, +5 Fe,(SO,),.+KSO, + 8H0 
n *——————————————Á———— !— 
7.10 INDICATORS 


The end point of an acid-base titration is often detected by means of an 


indicator. Indicators are complex molecules that are themselves weak acids or 
weak bases. | 


A large number of indicators are known and each undergoes its colour 


_ change overa particular pH range. The following table lists some of the common 
indicators along with their colour change: 


Table 7.2 colours of some indicators in acid, base and neutral condition. 


Universal Indicator ub. | 
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For a strong acid and weak base, methyl orange is often used. For a strong 
base and weak acid, Phenolphthalein is commonly chosen. 


The behaviour of indicators can be explained by the fact that the unionized 
molecule of an indicator and its anion possess different colours. Alternatively, 
one may be coloured and the other colourless. The indicator Hin, for instance, 
"dissociates to give its anion In~ as shown by the following equilibrium. 


Hn == H'eIm 
(Red) (Yellow) 


__ The undissociated molecule HIn, say is red and the anion In: yellow. It can 
be seen that the equilibrium position of the indicator will be affected by the 
hydrogen ion concentration (H*]. If the hydrogen ion concentration, is high, the 
equilibrium will move to the left and the undissociated HIn will predominate the 
solution will be red: If a base is added which reduces the hydrogen ion 
concentration, the equilibrium position will move to the rightand the solution will 
become yellow. When there is equal concentration of HIn and Ir, the indicator 
willbe in its neutral position and it will give mixture of red and yellow and'it will 


appear orange. 
7.11 STRENGTH OF ACIDS AND BASES 


All the acids and bases, according to the Arrhenius, ionize in aqueous 
solutions to yield H* and OH: respectively. The extent to which these substances 
ionize, is however, not same in all the cases. The extent of ionization is expressed 


in terms of degree of dissociation or percentage dissociation. 


The degree of dissociation (~)is the ratio of the number of molecules ionized 
to the total number of dissolved. molecules. 


Number of molecules dissociated 


Total number of dissolved molecules. 
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This ratio when multiplied by 100 gives the percentage dissociation, For 
example, the degree of dissociation of HCI is 0.9 ~ i a E percentage 
dissociation is 90-95% i.e. out of every 100 molecule, 90- 5 тпо ecules of HCI 
get ionized in equeous solution. T he acids and bases having high percentage 
dissciations are strong and those with low percentage non are weak 
The following table 7.3 lists some strong and weak acids and base alongwith 

their Percentage. dissociation. 


Table 7.3 Some strong and weak acids 


HCI 90-95% H,S0.1% — |NàOH 90-95% NH,OH 1.4% 


HNO, 90-95% | CH,COOH 1:4% | KOH 90-95% 


H,SO, 60% H,CO, 0.17% |Ba(OH), 77% 


(1 stage) (1 stage) 


Thus strong acids or bases ionize almost completely and the weak acid or 
bases ionize partially in aqueous solutions. 


. According to Bronsted-Low 


: à гу theo an acid i a base 
IS a proton acceptor. гу, an acid is a proton donor and 


HA +H.O =H è A 
c formation of acid-base theory ; 

MICOTY in terms of equilibri (520) 
оѓ measuring the strength of acids and A с ан EE 
dissociation constant (Ka) of the acid HA is given b € above equi 

y: 
Ka = їңО, Ho, | exist 
[HA | [9,0] 
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Larger the value of dissocia 
true for bases. Some t 


following table 7. 4 


tion constant (Ka), stronger is the acid. Same is 
ypical dissociation constants for acids are given in the 


Table 7.4 Some typical dissociation constants for acids 


TRITT. 


Ka(mol dm?) 
at 298°К, 


Acetic acid bas LAOS EN 
Chooses ада TOU GINE 


Thus chloroacetic acid is stronger than formic acid which in turn is stronger 
than acetic acid. 


In term of pH, acids with-low pH values, such-as hydrochloric acid, nitric 
acid and sulphuric acid are strong acids. Similarly bases with high pH values such 
as solution of potassium hydroxide, sodium hydroxide are strong alkalis. These 
substances are strong electrolytes and are nearly completely ionized in aqueous 
solutions, Weak acids and bases have pH value nearer to 7, they are partially 
ionized in aqueous “solution and are weak electrolytes. Example are acetic acid 
and ammonia solution (NH,OH). 


7.12 pH 


The small values of the concentration of hydrogen ion(H*) that we have 
encountered with solutions of slightly dissociated acid led Sorensan in 1909 to 
Introduce the conception of pH. 


Water acts as an acid as well as a base. For example, if we add NH, io H,0, 
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water acts as a proton donor or acid forming NH’, . It also acts a proton acceptor 
or base forming H,O’, if an acid is added to it : 


HO+NH, — NH’, +OH- 
HO-«H"-C* — Hj «CF 


Careful measurements have shown that pure water ionizes slightly to 
produce ions of H,O* and ОНГ. Electrical conductance measurements of water 
at 25°C has indicated the concentration of 1.0x107 M each of H* and OH- 
The ionic product of water is therefore 


Ky = [H,*O] [OH] = 1.0 x 10*M 


In acidic solution, the concentration of H, O* is always greater than that of 
ОН- and in basic solutions, the concentration of Н,О* is less than that of OH- 


pH is a convenient way of expressing the acidity and basicity of dilute 
aqueous solutions. 


The pH of a solutionis the negative. logarithm of the hydrogen ion 
concentration: 


1 


—— Ó— RET Sa a, 2 РЗЕЧРНИРЦЕОИИИИИНННННННРА 


Thus for water in which [H*] = 1 x 107, 
pH = - log (107) = (- log 1.0) + ( -log 10 
= 0.00 + 7.00 = 7.00 


The pH of 7.00 represents the point of neutrality, Clearly acidic solution 
_ will have pH values which are low i.e. less than 7, basic solutions will hav? p 
values which are high i.e. greater than 7. 
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Table : pH Scale 


10-2 10° 10° 10” 108 10? 10" 
mol dm? 


[H*] 10° 104 10? 10? 10- 10* 10% 


€— — Acidic €——— Neutral _— Basic ————— 


Thus acidity is measured on a scale from О (very acidic) to 14 (very 
alkaline). This is the pH scale. pH scale should be thought of simply as numbers 
which indicate acidity. 

pH ofa solution is determined using universal indicator. By mixing together 
' various indicators which change colour at slightly different acidities, chemical 
manufacturers have developed a universal indicator which goes through a 
spectrum of colours as the acidity changes. pH numbers аге related to universal 
indicator colours as follows : 

Red Orange yellow Green Blue Deep blue Purple 

ОЗ 6 7 8 10 14 
: i adding a few drops of universal 
H of a solution can be determined by f 
И со: solution, the reading off the pH number from the corresponding colour. 
Colour charts are provided by the manufacturer for this purpose. 
pH meters are available. These are used 


rements, А : haga 
en dipped into a solution, will give a 


For more precise measures’ 
e which, wh 


with a delicate glass electrod 
direct reading of pH on the meter. 


Below is given the chart whic 
EE" 29 656.74 13 з 
HCI 11,50, CH,COOH Milk DisiUed . Blood ^ SeWacr Milk NaCO, МОП 
of Magnesia 


water 
E лу »— 


h gives the pH of some common matter: 
79-4 105 116 13 
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Worked Example 1: What is the pH of 0.004 mol dm? HCI (fully 
dissociated) at 25°С. 


Solution: The fully dissociated НСІ has [H*] = 4.0 x 10? mol dm, so 


pH 


- log (4.0 x 10?) 
(-log 4.0) + (- log 10?) 
- 0.60 +3 = 2.40 


Worked Example 2: The pH of a solution is 9.63. Compute its hydrogen ion 
concentration. 


Solution: The pure exponential number is 10-9 


. Converting this number to a 
mixed number, we have, e» 


109? x 1g 1o 
2.34 x 10-10 


10°93 z 10 0.63 X 10 9 


Therefore the concentratio GNE S on Н 
mol dm”, Ab hydrogen ion in this solution is 2.34 x 10” 


Oz 
v М 
7.13 BUFFERS x» 


Normally the pH of a solution does ; 
not . - for 
example ош wateris 7. Thi remain essentially constant: | 
CO, pin sphere (forming 20609 or by a 
| те control of pH in living systems is essenti is found, fof 
instance, that the blood has а pH of about 7.3. The ‘os EN health. ees 
the concentration of carbon dioxide and hence OI 


A solution which tends to resist changes in pH is called a buffer solutio" 


Wü 0 
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Buffer solutions 


Of specified pH val 
neutralizing a solution o pH values are prepared easily by half 


cid. A f a weak acid with a strong base, or a weak base with a 
strong acid. Ап example of buffer solution is acetic acid (a weak acid) mixed 


with sodium acetate — (its salt with strong base). Similarly ammonia solution, 


NH ,OH (a weak base) mixed with ammonium chloride (its salt with strong acid) 
is another example of buffer solution, 


CH, СООН, + СН, СООТ Nat (ад) = Buffer solution 


+ = 
NH,OH,, + NH,Cl,, = Buffer solution. 


In practice, more sophisticated buffer solutions have been developed for use, 
particularly in the field of Bio-chemistry. The buffer in blood is the carbonic acid, 
it self a weak acid, in conjuction with protein molecules. We can illustrate the 
functioning of a buffer system by the dissociation equilibrium of a weak acid. 


CH, COOH a CH, COO, + H'ag 
The buffer also contains the salt sodiunvacetaté which is fully dissociated to 
furnish acetate ions. 


+ 
y Ма, 


CH,COÓNa,, «== ‘CH, COO- 


(aq) 


Due to the increase in the concentration of acetate ions, the acetic acid 
equilibrium is pushed to the left there by reducing the H* concentration and 
forming undissociated acetic acid. Thus there is no appreciable change in pH. 
Even if small amount of acid or alkali are added, there is very little change in pH 
of the mixture. In case of added acid, the additional H* in the solution will combine 


with CH, COO to produce undissociated acetic acid. 
CH, COO ao HH eem CH,COOH,, 
and the pH will remain at about original level. 


Small amounts of base (NaOH) added to the buffer solution will be 
neutralized by reactions with weak acid. 


OH; , + CH, СООН = HO; + CH, COO, 


mr Sa ЫННА m —— 89 
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7.14 NEUTRALIZATION 


When two substances (acid and base) having opposed properties are allowed 
to react, salt and water are produced. The reaction is known as neutralization, 


Acid + Base — Salt + Water . 
For example, Hydrochloric acid is completely neutralized by sodium hydroxide, 
HCI, + NaOH, а NaCl, EOS 


In this reaction strong acid neutralizes strong alkali. Instead of complete 
neutralization, there may be partial neutralization; for example sulphuric acid 
reacts with sodium hydroxide to form sodium hydrogen sulphate: 


Н,50, у x NaOH, Wes NaH 30.) * Н.О, 


In this reaction, only one hydrogen ion ADAE А 
А ; of s ; 
sodium hydroxide; 5 sulphuric acid is neutralized by 


In all these neutralizatio i 
TEF nreactions, hydrogen i ud ines with 
hydroxide ion of base to form water. ’ Sen on of the acid combines wi 


The reaction in which h 


ydrogen i : - 389 . 
to produce water is known a sen ion of acids ard hydroxide ions of alkalis 


$ Neutralization, 


H’ (eq) + OR у H Oy 


It may be pointed out that the 
AU Salts formed as mplete 
neutralization are normal and those produced by partial геш of co Eus 

acidic or basic. | artial neutralization аге ©! 


NaCl NaHS О, 


- 
Normal salt Acidicsalt BREED 
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PROGRESS TEST 7 


Ца) "The ability of an ion depends upon its charge density”, Corament on the 


statement. 


(b) What is essential difference between hydration and hydrolisis. 


What is ionization theory? How docs it explain the conductance of electric 
current through solutions? 


What is electrolysis? Explain by giving the example of CuCI, Give all 
necessary electrode reactions. 


Write detailed note on Electrode potential. What do you infere from the 
Electro chemical series? 


5 .(a) Define oxidation number; oxidation, reduction. 
(b) Give the oxidation number of: 


6. 


7, 


(i) Cr in K,Cr,O, (ii) S іп Na,S,O, (ii)C in C,H,O (iv) Mn in MnO”, 
(v) Nin NCL. (vi) O in OF, 
Enumerate the rules for balancing the Redox equations by Ion Electron 


method. 
Balance the following equations by ion electron method. 


= + A 
Gers "PH CIR се + 10, «Ho 


G) MnO;'« Soz eH —»Mn? + 50° 


(iii) COH), +SO% —— COT 3 SO?- (Basic) 
Oxidation of Cl" by MnO;' in ecid solution 
м (КмлО, + KCl +Н,50, э MnSO, + К,50,+Н,О + CL) 


(9).M230; +$О;”+ОН?” — Mn?* + SO,?° 


8. What are the indicators? How can you explain their behaviour? 


9. Write notes on: 


10. Define pH? What is pH of 0.1M HCI at 


(i) рН (11) Neutralization (iii) Buffers 
25°C? 


| ll, What are strong and weak acids and bases? Give appropriaté examples. 
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CHAPTER g 


INTRODUCTION 
| TO 
CHEMICAL KINETICS 


INTRODUCTION 


The word Kinetic is derived from a Greek word "kinetic" which means 


"moving". Hence chemical kinetics is that branch of chemistry which deals with 
the study of: 


(i) Rates of chemical reactions 
(ii) ^ Factors affecting rate 
(iii) Тһе mechanism through which the reaction proceeds 
(iv) | Optimum conditions for the maximum yield of a product 
8.1 RATE AND VELOCITY OF REACTION 
During the course of a chemical reaction, the molar concentration of 


reactants gradually decreases, whereas that of products increases. Considet 2 
general chemicalreactio A р 


FIGURE:8.1 Reaction profile 
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Rate ol reaction:- It is defined as the quantity of a reactant consumed or the 

quantity of a product formed per unit time i.e. | 

Rate — Increase in concentration of products or decrease in concentration reactants 
Th Time taken for change 

Án. к ка clearly shows that the rate of reaction is not uniform and it 

changes with time. Initially the rate of disappearance of reactant [A] is fast and 

it tappers out gradually. Similarly the initial rate of formation of product [B] is 

fast but falls of latter on. Hence the overall rate of reaction as defined above is 

actually the Average Rate of Reaction. | 

Velocity of reaction:— It is defined as the rate of a reaction ata particular given 

moment L.C. at a specific time. If we consider a very small interval of time “dt” 

in which the change in concentration (dx) is taken to be ncarly constant then 

velocity of reaction is given by the expression: 


Velocity of reaction = = 


Velocity of reaction may also be termed. as Instantaneous Rate of 


Reaction. 
Instantaneous rate is the slope of the tangent to the curve at that time. 


Consider the reaction between Mg and НСІ: 


=. 
з е 3 


dx = dv 
z BO c.c - 40 c.c 
= 40c.c 


< 33 


t 
[Uu —— nO rr _________ adi 


dt = 688 - 208 = 485 


$ 


З 
È 
В 
E 


o 10 зо 80 qo $9 бә 70 yo % (оо 


Time (9) 


Graph of rate of reaction 
FIGURE.8.2 


a nn CEU EZ = == Н 
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Reaction is followed by measuring the volume of H, gas evolved at 
regular interval of time. The results are plotted and a rate curve is obtained (Fig: 
8.2). 

To calculate velocity of reaction, say at 40s, the tangent to the curve at 
40s is shown in the graph. 

Now velocity of reaction at 40s=slope of tangent 


5 dt dt. 48s . 
Thus rate of production of H, at 40s is 0.83 cm? / s 
For the purpose of simplicity in future discussion, we will Riot differen- 


tiate between rate and velocity of reaction and will be frequently using the 
symbol 9X for rate as well. 
dt 


Unitofrateofreaction:- The concentration is usually expressed in moles/ dm? 
and time in seconds, hence 


Rate of reaction = Change tn concentration 


Time taken for change 
mole/dm? mole | ~ : 
= ——————— C MOT m X == m зү: c 
= am s ole(dm ) S 


8.2 RATE CONSTANT AND RATE 


| EXPRESSION 
Consider a hypothetical reaction: 


Е centration of reactan ce for the 
above reacticn or ts, hen 
Velocity of Reaction а [A] [B] 


9х o [A] [B] 
dt 


dx . K [A] [B] — i 
dt 


Expression (i) is called Rate Expression and constant K is called rate or velocity 
constant, 


When the concentration of each reactant is unity i.e,  mole/dm? then К 
is called specific rate constant i.e. substituting the values in expression (i). 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


229 


х-к 
at [1] [1] 


ах 
dt 
Hence specific rate constantata given temperature, may be defined as the 


rate of reaction when the molar concentration of each reactant is unity. 
Example 1:- Writing rate expression | 


Problem: Write rate expression for the following reactions: 
(b | 2NO«*0,—— —32NO, 
(c) . H4SeO4,4 6T +4Н* ——— Se +31, +3H,O 


Solution: | 
(a) Rate of reaction a [РСІ,] 


dx 
— = K|PCI 
(b) Rate of reaction а [хор to] 
| dx 


= = K[NOJ'[O 
dt [ ] [ 2] 
(c) Rate of reaction a [H2Se0;] [ey [He] 
= = K[H,SeO3] [Бр [He] 
Example 2:- Significance of plus and minus sign. 


Problem: Fora chemical reaction A> B, the rate of reaction is 
denoted by: 


-dA du 18 . State the significance of plus and minus signs. 


Solution; А represents the rate of reaction in terms of decrease in 
concentration of reactant A. 
+B represents the rate of reaction in terms of increase in 


concentration of product B. 


: А 
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Example3:- Calculating rate of disappearance 


Problem: Fora chemical reaction C,H, (g) +2H; (4) — Сане о, 
the rate of appearance оѓ С.Н, is 0.25 mole/dm?.s. What is the rate of 
disappearance of С,Н, and H5? 

Solution: 


Rate of disappearance of C,H, = 0.25molc/ dm?.s 
Rate of disappearance of Н, = 0.25 x 2 = 0.5 mole / dm?.s 
Example 4:- Calculating rate constant 


Problem: For a chemical reaction A + B —— ——» AB. Calculate: 
(a) Rate constant wher initial concentration of both the reactants is 0.1 


moles/ dm? each and rate of reaction is 3.02 x 10 ^moles/ dm? 


(b) Rate constant if initial concentration of A or B is doubled. 
Solution: 


(a) For this reaction 
Rate of reaction о [A] [B] 


dx =K [A] [B] - 
dt 


3.02 x 10“moles/dm*:s=K(0.1 mole/ dm?) (0.1 mole/dm?) 
= 3.02:x10~ mole / dm?.s 
(0.1 mole / dm? (0.1 mole / dm? 


K = 3:02x10* dm? 
© *0.01 mole.s 


K 23.02 x10? dm? / mole.s 


(b) Let concentration of B is doubled 
As [A] 20.1 mole/ dm? 


^ [B]=0.1x2=0.2 mole/ dm? ET 
Since concentration of [B] is doubled, the rate of reaction wil 
. become double i.e. 


Rate 23.02 x 10*x 22 6.04 x 104 mole/ dm?.s 
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Now 
Rate-K [A] [B] 


6.04 x 10 mole / dm?.s = K(0.1mole / dm? )(0.2mole / dm?) 


K = 9.04 х10 mole / dm?s 
O.1mole / dm? (0.2 mole / dm? 


K = 3.02 x10? dm? / mole.s 
Characteristics of К: 
(i ^ Ithasa fixed value ata particular temperature. 
(ii) ^. Its value varies with temperature. 
(iii) Its value ata temperature remains unchanged when the concentration of 
either or of all reactants is changed. 
8.3 TYPES OF REACTIONS BASED ON REACTION VELOCITY 
If we happen to observe many chemical reactions that are part of our daily 
life, we note that different reactions take different amount of time forcompletion. 
Forexample combustion of gasoline is very fast, cooking of food takes moderate 
time, but rusting of iron is a very very slow process. Hence we may classify the 
reactions with respect to their rates as follows: 
(i) Reactions proceeding at a very slow speed:~These are the reactions which 
proceed at extremely slow speed and take very long time for completion. It is 
difficult to determine experimentally velocity of such reactions. Examples are: 
rusting of iron, radioactive decay of elements and formation of diamond from 
carbon in earth crust. 
(ii) Reactions proceeding at a very fast speed:— These reactions are instanta- 
neous reactions i.e. they are so fast that they are completed in very small time of 


the order of 10's . All ionic reactions are of this type. It is impossible to 


determine rates of such reactions. 
Examples: 


х б z + - 
(a) HCl+ NaOH———NaCl+H,0 
(Acid) (Base) - 
den LIE TENDS 
(b) A&NOs, „+ NaC laa) ——> AgCl + NA NOs н) 


(iii) Reactions proceeding at moderate speed:— These are the reactions which 
Proceed at experimentally measurable rate і.е: they have limited speed and are 
Completed at the most in few hours. Generally reactions of organic and covalent 
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compounds are of such type. 
Examples are: 


(a) C12H550,, T H0 — —— Cg$H;50g + CoH 20g 


Sucrose Glucose Fructose 
Acetic acid Ethyl alcohol Ester 


Why some reactions are fast and others slow ? 

Concept of activation energy:- A reaction takes place when molecules of 
reacting substances collide together. But all the collisions are not effective i.e. 
do not lead to the formation of product. It has been found that only those 
collisions аге effective in which the colliding molecules possess a minimum 
amount of energy called Threshold energy. 

Before collision the molecules of reactants in their normal state do 
possess their respective internal energy, but their average internal energy is less 
than threshold energy. Now the molecules must acquire the difference of energy, 
in order that their collisions be effective, The excess energy that the reactant 
molecules, having average energy less than the threshold energy, must acquire 
in order to react and change into products is called Activation Energy. 
Thus: : 

Activation Energy=Threshold Energy-Average Internal Energy of molecules 

A relation between these energies is shown in the graph (Fig:8.3) 


Threshold energy 


Average 
Internal 


Reactants 


Products 


Progress of 
FIGURE.8.3 reaction 
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The speed of a reaction depends upon the activation energy of molecules. 
The reactions which have low values of activation energy are fast reactions and 
those which proceed slowly or moderately have comparatively high value of 
energy of activation. 

Fast reactions can be slowed down and the slow reactions can be spedup 
by controlling the activation energy. 
Example 5:— Calculating activation energy 
Problem: For a chemical reaction А — —29À В, the threshold energy of 
reaction is 31 K.J/mole. The average internal energy of A is 12 K.J/mole: 
Calculate activation energy of A. 
Solution: Activation Energy=Threshold energy-Average internal energy 

= 31 K.J/mole-12 K.J/mole 

Activation Energy of A=19 K.J/mole. 
8.4 DETERMINATION OF RATE OF REACTION 

Two methods are employed for the determination of rate of a chemical 
reaction. - i | 

These are: (a) Physical methods (b) Chemical methods 
(a) Physical methods:- Tn these methods the reaction is followed by measuring 
change in some physical property of reactants or products. Following are the 
methods generally employed: 


Name of physical methods Observed physical property 
(i) Refractometric method Change in refractive index. 
(ii) Spectroscopic method Absorption of ultraviolet or 
infrared radiations. 
(ii) ^ Calorimetric method . Changeincolourintensity — — 
(iv) Conductivity method Change in electrical conductivity 
(v) | pHMethoódd ~ Change in pH is observed 
(vi) -Polarimetric method Change in optical rotation of 
plane polarized light 


(b) Chemical methods:— When physical methods аге not available or suitable 
then a proper chemical method is used. | 

In a chemical method generally samples are drawn from the reacting 
Vessel at regular intervals of time. Reaction is stopped at that particular moment 
by suddenly chilling the sample adding it to a suitable chemical. The amount of 
reactant or product present at that time is generally found by titrating the sample 


against a proper reagent. 
me rane is the hydrolysis of methyl acetate (CH,COOCH, )in 
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acidic medium. 


CH4COOCH; *H;0 === Ааш 2 CH,COOH + CH4OH 

Reaction is followed РУ messi measuring the amount of acetic acid 
(СНСООН) formed at regular interval by titrating the chilled samples against 
standard alkali (NaOH). With the passage of time more and more acetic acid is 
formed till reaction goes to completion. 


No further reaction 


Conc. of CH,COOH 
in mole / dm? 


Rate graph 


Time (s) 
FIGURE.8.4 


The results are plotted as a graph and rate curve is obtained. 


dx The slope of rate curve at different times gives the rate of reaction 
E: 9 ju that moment; as discussed in section 8.1. 


8.5 FACTORS AFFECTING RATE OF REACTION 
The rate of a reaction involving collisions of molecules is influenced У 
many factors, enlisted below: 
(i) Concentration of reactants 
(ii) ^ Nature of reactants 
(iii) | Temperature 
(iv) Presence of catalyst 
(v) Surface area of reactants (heterogeneous есы) 
(vi) Radiation 
(i) Concentration of reactants:- Concentration is defined as number of wa 
or molecules of a substance per unit volume, 
Rate of reaction varies with the concentration of reactants. according 


: Y 
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Jaw of mass action, the rate of a reaction is directly proportional to the 
concentration of reactants. The greater the concentration the greater the rate of 
reaction. This is because with the increase in concentration, the number of 
molecules of reactants also increases, There is now more crowdin gof molecules 


$0 frequency of collisions between them increases, resulting in the increase in 
rate of formation of products. 


Consider a general reaction 


xX A + y B———_-5C 


Rate of reaction a[A] [B] 
dx | KIAXIBY 


In this rate expression the sum of exponents of conceniration i.e. (x+y) 
is called Order of Reaction. 


Order of chemical reaction: The. relation between the rate and the 
concentration of the reactants taking part in the reaction can be 
described by the following reaction: 


A+B — Product 


rate of reaction i.e. Р a {A][B] 
dx 
— = A B ----(l) 
dt KT I 


Similarly for the reaction 


'"A42B- Product 
dx _ k [AB] ----0) 

The ud of this type which describes the relationship be- 
tween the concentrations of the reacting substances involved in the 
reaction and the rate, ts called “rate expression". Itis the rate expression 
Which leads to the concept of order of reaction. 
|. The order of reaction is defined as sum of all the exponents of the 
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concentration in terms of the reactants involved in the rate equation. 
Thus in rate equation (2) 
Order of reaction (n)=1+2=3 (Third order reaction). 


Consider. the following examples: 


1 
(1) N,O, > 2NO, +50, 


2х = K[N,O,] The reaction is of the first order. 


(ii) 2CH,CHO  2CH, +2CO 
= к[сн,сноў The reaction is of second-order. 


(ш) 2NO +0, > 2NO, 
— =K [NO] [0,] The reaction is of third order. 


The order of reaction is assigned to a reaction only on the basis of 


experimental measurement and not by seeing the total nmber of mol- 
ecules present in the reaction because there are reactions which contain 
more reacting molecules but the concentrations of only опе. ог tw? 
molecules may alter duringthe reactions. For a reaction, minimum order 
of reaction may be of zero order and maximum upto third order. 
Example 6:- Predicting effect of concentration on rate 

Problem: The rate of a chemical reaction for the reaction: 


2NO( + O4, — —32NOs,. 


_ was found experimentally to be represented by the expression 
Rate = K[NO] [0;] 
What will be the effect on rate if 
(a) Concentration of NO is doubled 
(b) . Concentration of NO is halved 
(c) Concentration of O, is doubled 
Solution: (a) As Rate a[NO}’ ‚ hence if concentration of NO is double? 
the rate will increase by [2]? = 4 times. 


(b) if MEL of NO is halved the Tate will be decreased by 
1 
4 
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() ^ AsRate a[O, | hence ifconcentration of O, is doubled the rate will also 
be doubled. 
Example 7:— Predicting effect of concentration on rate constant 
Problem: For a chemical reaction at 450°C 
Rate = К[МН, ] 
What will be the effect on rate constant if concentration of NH, is increased four 


times ? Rate 
Solution: Now К = ———у 
[NH;] 


The value of K will remain constant for either increasing or decreasing rate with 
reference to the ammonia concentration. K remains constant because as concen- 
tration of NH, is increased four times, the rate also increases by that factor. 

(ii) Nature of reactants:- The nature of the reactants also affects the rate 
because activation energy foreffective collision is different for different reacting 


substances. i 
Consider the following two reactions inwhich the collision probabilities 


are same, even then their rates are not equal. 
2NO + O, — ——2NO, Fast 
Reaction between NO and О, is fast while that for CO and О, is slow. 
This is because activation energy for CO is higher than that of NO; as shown in 


Products 


Progress of reaction 
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(iii) Temperature:- The rates of reaction are greatly influenced by the 
temperature at which the reaction is carried out. For example H, and O, do not 
combine at ordinary temperature, but combine very rapidly at high temperature. 
As a general rate of thumb, the rate of reaction doubles for every 10°K 
rise in temperature. The reasons are: 
(i) As temperature increases the velocity of molecules also increases, this results 
in the increase of frequency of collisions. 
(ii) The rise in temperature raises the kinetic energy of each molecule. Ithas been 
found by raising the temperature by 10°C, the fraction of molecules possessing 
Threshold or activation energy becomes double, as a result number of effective 
collisions is also doubled, hence rate is doubled. 


Effect of temperature on kinetic energy 


$ 
5 
o 
= 
О 
Б 
— 
© 
үө! 
© 
Б 
g 
2 


with a given K.E 


KE 


s Threshold energy 
FIGURE.8.6 


The ei ози ће К.Е of molecules at different temperatures. The 
shaded area shows the fraction of molecules havi e 
Shaded area of T?is doubled of T. having the threshold energi 

Temperature also has a pronounced effect on biochemical processes that 
take place in food, when it is stored or cooked. Food decomposes at a slow rate 
when cooled. Thus when stored at 5°C (the norm al Frees Е refrigerator) a 
may keep for several days. Frozen food stored at -5°C to-2°C keeps for se veri 
weeks. Deep frozen food stored at about -189C (temperatu re in deen Eee ge) 
keeps for several months. d ER 
(iv) Presence of catalyst:- А catalyst isa Substance which alters the rate 0 
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chemical reaction without itself being consumed in the process. Basically they 

may be classified as: 

(i) Positive catalysts:- They increase the rate of a chemical reaction. 

For example: MnO,is a positive catalyst for decomposition of H203 
2H;O, a) — M9. 98,0, 40; ж 

Positive catalysts function by providing an alternate path to the reaction. 
The activation energy of this alternative route is lower as a result more reactants 
molecules possess the energy required for a successful collision. The total 
number of effective collisions per unit time increases and thus the rate of reaction 
increases. 

(ii) Negative catalysts:- They decrease the rate of a chemical reaction. They are 
also called Inhibitors. For example glycerine is an inhibitor for the above 
decomposition of H203. 

Negative catalysts on the other hand do not lower the activation energy 
rather they combine with reactant molecules, thus decreasing the number of 
colliding reactant molecules. This decreases the effective collisions, hence rate. 

Some times one of the products of reaction acts as catalyst, such a process 
iscalled Auto catalysts. Initial rate of suchreactions is slow but later on increases 
as the product concerned is formed. Example is Redox titration between 
KMnO, and oxalic acid. 


2KMnO,, j* 5H3C204/,4) + 325044) ——32MnS0, (aa) * 10C0; 3) +8H,0,) 
: | *K S0, 
Here reaction is catalysed by Мп" ion of MnSO,. This fact can be 
tested in laboratory by adding some Мп? ions in form of MnSO, in the flask 
before adding KMnO; from burette. — — 
There are certain catalysts known as Biocatalysts. These are enzymes. 
Enzymes are proteins which catalyse the chemical reactions in living systems. 
Following is given a chart of some reactions and their catalysts: 
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CHART 
Nature of catalysts 


Reduced iron powder Positive 
and small amount of 
A130, or К,Оаз 

promoter 


1. Synthesis of Ammonia 
by Haber's process 
№, + SH, F> эн, 


2. Conversion of SO; to 503 
250, + Oc 2S04 


у, O, or Ptin finely 
divided form 


3. Decomposition of laughing Positive 
gas N30 


1000*K 
2N,0 =» 2N3 t о, 


Traces of Cl; 


Negative 
Positive 


4. Decomposition of H203 
2H304 — 2н, + о, 


5, Oxidation of chloroform 


(СНСІз) to form 
poisonous gas Phosgene 


(COCI2) 
CHCI; 50, —— COC + HCl 


2% Ethyl alcohol 


(v) Surface area of reactants:- In case of heterogeneous reactions in which the 
reacting species are in different physical states, the surface area of solid reactar 
plays an important role with respect to rate of reaction. Greater the surfaces 
the higheris the rate of reaction. Forexample reaction between apieceof m 


(CaCO,) and an acid is slow. i 
CaCO, + 2HCl —— —— CaCl, + H0 +CO, 


But finally divided marble reacts vigorously because the powder 1 
marble offers greater surface area for HCI to act upon, Similarly for the 
reason amorphous boron is much more reactive than crystalline boron. 
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In case of liquid, the greater surface area, increases their rate of evapo- 
ration. For this reason spilled milk ora liquid evaporates fasterthan .present 
in a glass or cup. 
(vi) Radiation:- Some chemical reactions proceed only under the influence of 
light. These are called Photochemical Reaction: The concentration of reactants 
does not influence rate of such reactions, so they are Zero Order Reaction. 
Examples are: 

(i) Reaction between H, and Cl, 

H, s Cl, CUu aug 5 2НСІ 


(ii) Reaction between СН апа Cl, 


БҮТҮП 
Radiation or light consists of photons. When photons strike the reactant mol- 
ecule, they provide the necessary activation energy to the reactant molecules to 
react. 
Example 8:- Determining order of reaction 
Problem: А certain reaction A+2B————>C + D gave the following 


data: 


Initial Concentration Initial rate of Reaction 
mole / dm? mole / dm?.s 

No: A B 

l. 0.1 0.1 SIO 

2 02 0.1 6x10? 

3550. 0.2 .9x10* 


What is rate law and order of reaction? —— i 

Solution: Rate expression based on experimental data is called Rate law. 
According to data: 

(a) When concentration о 

. Rate a[A] (1) | | 

(b) When concentration of B is doubled, rate increases by square i.e. 


from 3x10? to.9x 10° i.e. (3)? х10; hence 


Rate o [B]. ——— (2) 
(c) Now combining (1) and (2), we have 


Rate o[A] [В] 


f A is doubled, the rate is also doubled; hence 
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or  Rate-K [A] [B] 
This is Rate Law for the given reaction. 
Now Order of Reaction=Sum of exponents of concentration in rate law. 
Order of Reaction=1+2=3 
Example 9:- Estimating value of K with change in temperature 
Problem: As a rule of thumb rate, hence rate constant of a reaction increases 
by a factor of 2 for each 10°C rise in temperature, although the actual amount 


of increase differs from one reaction to another. Considerareaction A————> B, 


for which at 400°C, rate constant К, has a value of 3 x 107? s^ 
What can be the possible value of K at 450*C. 
Solution: Temperature increases from 400°C to 450°C. Thus rise in tem- 
perature = 50°C. Forcach 10°C, К is more or less doubled. Hence value of K will 
increase 5 times i.e. 

K =(3х107!2 .57!)х5 


K 215x107? .57! 


PROGRESS TEST 8 
j: Only some collisions between molecules are effective in producing 
chemical reaction. Explain why? 
2. Explainthe conceptof activation energy and the variation of reaction rate 
with temperature, 
3. Distinguish between: 
(a) Rate and velocity of a reaction (b) Rate and rate constant (c) Positive 


catalyst and Inhibitor. 

4. Give one example each for the following: 
(a) Rate of reaction (b) Velocity of reactio : cific 
вант | n (c) Rate equation (d) Spe 

5. For the reaction ZNO; g* Opt) ———3 2NO,, à the rate equation 


„саҳ 2 ‘ i 
SEL К[МО] [0,]. What is the éffect on the rate of the reaction 


when (a) the concentration of NO is redaced by one half (b) the 


concentration of O, Is doubled (c) a catalyst is added to the react? 
mixture. | 


6,  Thedecompotiion gi ооа catalyzed by strong acids. 
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+ 
НСООН (у ——> CO, + Н;О\, 


(а) Write its rate expression (b) What is the effect on its rate if the acid 


10. 


H. 


concentration is doubled. 

Write note on: Slow and fast reactions. 

Among the factors that influence reaction rates, which are involved in 
each of the following: 

(i) Milk sours more rapidly in summar than in winter. 

(ii) Powdered zinc reacts more rapidly with water than the chunks-of 
metallic zinc. - 

(iii) Combustion of gasoline occurs more rapidly in an internal combus- 
tion engine than in an open container. 

(iv) Unless ignited, hydrogen does not react with oxygen of the air but a 
stream of hydrogen passed over platinum gauze bursts into flame. 


Make a list of factors which affect the rates of chemical reactions. 


Describe the way in which each factor affects the rate of reaction. For 

each factor, mention whether it is specific to а certain type of reaction, 

or whether it is general. 

Describe the rate of a chemical reac 

time. 

The reaction rate, | 

experimentally to be given by the expression. 
R = K[AT'(8] | | 

(a) Will K increase, decrease or remain unchanged if the concentrauon 


i | ion of B is doubled? 
of A is doubled? If the concentration О 
(b) Wil R increase, decrease or remain unchanged, if the concentration 


ion of B is doubled? 
of A is doubled? If the concentration о 
For the decomposition of ethyl chlorocarbonate (CICO;C;H; ) 


CICOOCH,CH; ——— CO» + CICH4CHs | 
K 213x107! at 200°C. What is the initial rate when the initial 
concentration of CICOOCH,CHsis 0.25 M? 

Ans:-(3.25 x 10* Ms!) 


Hint: Rate — K[CICOOCH;CH;] 
= (13x 10? s!)(0.25M)= 3.25x 10-4 Ms! 


tion as achange of concentration with 


R, for reaction 2 A + B—— А,В was found 
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13, The rate constant for decomposition of nitrogen dioxide 
2NO, " ————À 20002) +Оз) 
is 1.8x 10* dm3mole"!s!, What is the initial rate when the initial 
concentration of NOgis 0.50 M? 
(Hint: Rate = K[NO;], — Ans- 4,5 10° mole дт?!) 
| or — (45x10 Ms) 
14.  Followingisgivenadata forthereaction A + B ————» C. Findorder 


of reaction? 

No. Concentration Rate of Reaction 
(mole / dm?) 
A B 

1, . 01 0.1 8x107 

у 0.2 0.1 16x10% 

3. 0.1 02 16x10^* 


(Ans:-- Order of reaction=2) 
15. . For the reaction 2H, +O.——*—5 2H.0. 
dx 
Rates ses [н] [0›] 
Fill in the following blanks: 


No. Conc. of [Ha] Conc. of [04] 


, 1mole/dm? 1 mole / dm? 
2.2 mole / dm? 1 mole / dm? 
Jmole/dm? | 3 mole/dm? 


5x108mole / dm. 


к= 


Answer; (2) 25x10"mole/ dm". 
(3) 15x 109 mole / dmn". 
16, — Write rate expression for the following reactions: 


(i) Hy +30: > H,0 
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P 7 
(i) СН + 50, — ——352CO, +3H,O 


Draw energy diagrams for: 
(a) an endothermic reaction 


(b) an exothermic reaction in the presence and absence of a catalyst. 


Multiple choice questions 
Which of the following are best to explain the action of catalyst in 
speeding up a chemical reaction: 
(A) It increases the equilibrium constant for the reaction. 
(B) It increases the kinetic energy of reacting molecules. 
(C) It prevents reverse reaction from occurring. 
(D) It decreases energy of activation for the reaction. 
(E) It decreases the enthalpy change for the reaction. 
Which of the following are best to explain the rapid increase in the rate 
of a chemical reaction as the temperature rises: 
(A) The collisions frequency of molecules increases. 
(B) The collisions become more violent. 
(C) A considerably higher proportion of molecules has the necessary 
minimum energy to react. 
(D) The bonds in reacting molecules are more easily broken. 


The energy of activation for the reaction "ge BRE 2H,0+0, 


in absence of catalystis 75 K.Jmole™ 
The most likely value for the energy of activation in presence of catalyst 
is: (A) 53 K.Jmole'! (B) 75 K.Jmole ! (C) 98 K.Jmole'! 
Theenergy profile diagrams for the reaction 
in presence and absence of a catalyst are 
shown below. In these profile А represents: 
(A) Threshold Energy 
(B) Energy of activation in absence of 
catalyst 
(C) Average internal energy of reactants 
(D) Energy of activation in presence of 
catalyst 


Reactant \\ х 


p 
e 


Pro uct 
Progress of reaction 
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The acid-catalysed reaction of an organic compound propanone 
(CH4COCH, ) with iodine may be represented by the equation. 


CH,COCH, +l, —— —L—CHjCOCH, +H* +r 
other conditions remaining same, what will be the effect on initial rate of 
reaction if the concentrations of propanone, iodine and acid, all are 
doubled ? 

(A) 2x (B) 4x (C) 6x (D) 8x 

The decomposition of dinitrogen pentoxide in a suitable solvent may be 
represented by the equation: 


23,0, _— 4NO, + Ол) 


The measurements of which are of the following physical quantities 
could not be used to determine the rate of this reaction: 

(A) Volume of oxygen evolved. | 

(B) Electrical conductivity of solution. 

(C) Absorbance of solution using calorimeter. 

(D) Mass of reacting mixture. 

(E) Pressure of oxygen evolved. 

Which of the following statements for the reaction between H,and 
Cl; in presence of sunlight is correct ? 

(A) Rate = K[H;] [Cl;] 

(B) The light lowers the energy cf activation . 

(C) Rate is independent of concentration of hydrogen and chlorine. 
Rate constant of a reaction depends upon: 

(A) Temperature (B) Initial concentration of reactants 

(C) Time of reaction (D) Extent of reaction 

Powdered zinc reacts more rapidly with water than the chunks of metallic 
zinc because: ' | 

(A) Powdered zinc is more reactive 

(B) Energy of activation is lowered. 

(C) Number of effective collisions has increased. 

(D) Surface area of powdered zinc is much more than that of chunks of 
zinc: and there is greater contact between individual reacting molecole 
Combustion of gasoline occurs more rapidly in an internal combustion 
engine than in open air because: 
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(A) Number of molecules per unit volume increases 


(B) Number of molecules per unit volume increases hence there is more 
collisions between the molecules 


(C) There are more effective collisions 
(D) In internal combustion engine, the temperature is higher than in open 
air. There is more collision among molecules, moreover the fraction of 
E molecules possessing activation energy, increases. 
ey: 


Qum тт 


7 
8 
9 
1 


www 
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UNITS OF MEASUREMENT AND SOME IMPORTANT CONSTANTS 


Table 1 
S.I BASE UNITS. 


Physical Quantity Symbol 


Length 
Mass 

Time ~ 
Temperature 
Amount of substance 
Electric current 


Scanned with CamScanner 


MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD) 


248 | 


Table 2 
DERIVED S.I. UNITS 


Physical quantity 


Area square metre 
Volume cubic metre, cubic 
decimetre 
Density kilogram per 
cubic metre 
Velocity metre per second 
Force newton N (kg m s? = Jm") 
Pressure newton per square Мтг2( kgm!s? = Ра 
metre (Force per- unit area) 
Energy: Work Joule ( kg 282 = Nm) 
Electric charge Coulomb .(C) C(A.h.) 
Quantity of heat | Joule J 
Heat capacity Joule per Kelvin JK? 


Electric potential | Volt v( ЈА-1571 = JC!) 
difference 


Electromotive Volt í y 
force 
Frequency Hertz Hz 
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Table 3 


= NON-S.LUNITS 
Physical quantity | Name and symbol 


Angstrom (A?), 10? m; 108cm; 
Inch (In) 0.0254m; 2.54cm. 
Litre (L) 10? m? : 1dm? 
Mass Pound (lb) 0.4536 kg 
Pressure | Atmosphere (atm), 101,325 №, 
torr (m.m.Hg) 133.322 Nm ? 
Force Dyne (dyn) 105N 
erg, 1077], 
Епегру calorie (cal), 4.184 J, 


electron volt (ev). 1.60212: 10779 J. 


Viscosity Poise 10 kg ms"! 
Surface Tension | dyne ст”! 10?Nm' - 
Dipole moment | Debye 3.338 x 103? mC 
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Table 4 
S.l. PREFIXES 


P 
4r 
G 
M 
Es 
h 
da 
d 
c 
m 
H 
n 
P 
f 


Table 5 
CONVERSION FACTORS 


1.6608x10 77 kg 
107? m = 10?cm 
1 dm? «103m? 

=101 325 Nm™= 1.01325 x10° Pa = 760 to” 
=  10"Jz1kg.m?,s? 
= 4.1840) 


= -1,6022 x10" J = 23k cals / mol. 


— —: 
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Table 6 
PHYSICAL CONSTANTS 


N, 2 6.022 x10? / mol 

m, = 9.11x10?! kg 

F = 96485C / mol 

R = 0.0821 L(dm?).atm, moli! 
= 8.3145 J. mol !k^! 
= 1.9872 cal.mol!k^! 
= 22.414 L(dm?) / mol 


Уш = 0.0224m? / mol 


Avogadro's number 


Electron rest mass 
Faraday constant 
Molar gas constant 


Ideal gas molar volume 
at S.T.P 


h =6.6261x10™ Js 
=: 2.179874 x107'8 J 
Ry = 1.09678 x 10° em! 


Planck’s Constant 


Rydberg Constant for 
H-atom 

Absolute Zero 
Boltzman’s Constant 


Proton rest mass 


OK =-273.16°C 
K = 1.381x10 Jk" 
m, = 1.673 x 10" kg 
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